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University of Nebraska, 2021 
Advisors: Keenan Amundsen and William Kreuser 
Engineered turfgrass putting green soils are designed to drain quickly, while 
maintaining adequate water- and nutrient-holding capacity to sustain plant growth. These 
soils are designed to meet specific performance characteristics when they are constructed, 
but the process of soil formation changes these characteristics over time. Chapter 1 of this 
dissertation is a literature review of soil formation in engineered putting green soils. 
Pedogenesis of putting greens is such that A horizons form as organic matter accumulates 
near the surface, and B horizons form as particles and solutes are translocated to textural 
or pH boundaries in soil profiles. In the engineered soils of putting greens, the soil 
forming factors of climate, organisms, relief, and parent material are combined in 
unnatural ways, resulting in acceleration of the 5th soil forming factor – time. In Chapter 
2, clay lamellae were observed in putting greens of a Mississippi, USA golf course. The 
lamellae formed in <10 years from illuviation of clay present in the construction 
materials. Chapter 3 describes the effects of sand and gravel pH on mobility of fertilizer-
applied iron. Applying 3.5 to 14 years of simulated iron applications to soil columns did 
not form iron-cemented layers, indicating that redox potential and biological processes 
are important factors in layer formation. Chapter 4 is an extension-focused guide about 
soil testing approaches for diagnosing layering issues for soil testing labs and 
agronomists. There remains very little research on soil layering issues in turfgrass 
systems, and this dissertation provides a framework for future characterization and 
 
 
experiments. Turfgrass soil problems have not traditionally been studied through the 
discipline of pedology, but a better understanding of how these soils form will lead to 















This dissertation would not have been possible without the support of many 
people. I initially became interested in pursuing a Ph.D. after working under Dr. Doug 
Soldat and Dr. Chris Williamson at the University of Wisconsin-Madison; I thank them 
for helping me see a vision for a future in research, and for always believing in me. I 
started my doctoral program in 2014 with Dr. Bill Kreuser; I thank Bill for his patience 
and for placing his trust in me, giving me complete and total ownership over my project 
and career path.  
I studied in-person in Lincoln from 2014-2016, and would like to thank so many 
people for their help and support during those years: the United States Golf Association 
for funding my research; Dr. Keenan Amundsen for mentoring in science and teaching, 
and for serving as my committee co-chair; Dr. Steve Comfort, who encouraged me to 
think for myself; Dr. Martha Mamo, who always pushed me to the next “why?” question 
that needed to be answered in my work; Dr. Roch Gaussoin, who was always willing to 
talk and help me move forward; Dr. Dennis McCallister for modeling passion and 
excitement in his teaching; Dr. Zac Reicher for challenging me to be my best; Dr. Greg 
Kruger for reminding me to push and get to the finish line; the entire Lincoln NRCS staff 
for hosting me in their lab and teaching me new techniques; Dr. Sam Indorante for 
encouraging me to keep going with pedology; Darrell Michael, Dr. Matt Pedersen, and 
Dr. Luqi Li for giving me a “map” to follow in my studies and in life; Gustavo 
Rodriguez, Andrew Musil Guy, Connor Pedersen, Ben Van Reising, Joe Foral, Paula 
Andrie, and Jacob Fuehrer for their rock solid work ethics and attention to detail; and 
v 
 
Mike Livingston, Matt Sousek, Casey Crittenden, Jeff Witkowski, Lannie Wit, and TJ 
McAndrew for always being there to help and drive all of us forward.  
In 2016, I became a distance-ed student when I moved to Wisconsin and began 
working at Exacto, Inc. I am grateful for the people at Exacto, who have supported me 
professionally and academically while I continued to work on my research over the next 
five years: Frank Sexton for letting me fly and always making me feel like I can do 
anything; Ned Bentley for seeing potential in me in places I hadn’t considered; Dr. Mica 
McMillan for pushing me not to be complacent; Lacey Dellinger, Eva Magnusen, Wally 
Beecroft, Keith Rowley, Nongnuch Sutivisedsak, Ryan Strash, Chris Walter, Lia Marchi 
Werle, Abdullah Albasri, Bardia Dehghanmanshadi, Shawnee Elmore, Ria Van Hoef, 
Donna Fortune, Brent Swanson, Trace Latimer, Dan Macias, and many others at Exacto 
for believing in me.  
From 2016-2021, I am grateful for those who were integral in keeping me 
connected to my research project, to the industry, and to the finish line of completing my 
program. I thank Dr. Alfred Hartemink for offering his office, his lab, his ideas, and his 
encouragement; Dr. Eric Roden for helping me process samples, and reminding me of the 
importance of family; Nick Bero for being a rock solid colleague and friend; Rachel 
Guagliardo for her help and extraordinary attention to detail; Mike Huck for asking 
challenging and exciting questions; Micah Woods for his dedication to helping our 
industry; Jason Straka for bringing me into projects; Brian Mavis for continued 
discussions and collaborations over the years; Bob Oppold for giving me the confidence 
that we can solve the problems we are studying; Andy Neiswender and Carlos Arraya for 
their time and hospitality; Rob Johnson for donating sand and being engaged with 
vi 
 
research since I met him in 2011; and Scott Nair and Jim Russell for teaching me and 
presenting me with a challenge that would become the next 13 years of my professional 
life.  
Finally, through all this time I have been most thankful for my family. My kids 
Eli and Samson have added exciting layers to my life, and they drive my purpose every 
single day. I am grateful to have shared this time with my best friend and partner, Lisa 
Obear. Lisa has been with me through it all: multiple moves across the country, kids, 
jobs, a global pandemic, exhilarating highs, challenging lows, steps forward, steps 
backward, and all the other twists and turns that make up life. I am grateful to have gone 




1. Obear, G.R., and W.C. Kreuser (PI). How does clay move and accumulate in sand root 
zones? United States Golf Association. 2016-2018. 
2. W.C. Kreuser (PI) and G.R. Obear. Iron layer development in sand-based greens. 





TABLE OF CONTENTS 
LIST OF TABLES .............................................................................................................. x 
LIST OF FIGURES ........................................................................................................... xi 
CHAPTER 1: PEDOGENESIS IN ENGINEERED PUTTING GREEN SOILS .............. 1 
Engineered Soils of Turfgrass Systems: An Overview ....................................................... 1 
Soil Forming Factors in Engineered Putting Green Soils ................................................... 4 
Soil Formation and Taxonomy of Engineered Putting Green Soils ................................. 12 
References ......................................................................................................................... 22 
CHAPTER 2: GENESIS OF CLAY LAMELLAE IN GOLF COURSE SOILS OF 
MISSISSIPPI, USA .......................................................................................................... 37 
Abstract ............................................................................................................................. 37 
Introduction ....................................................................................................................... 38 
Materials and Methods ...................................................................................................... 39 
Results ............................................................................................................................... 43 
Discussion ......................................................................................................................... 46 
Conclusions ....................................................................................................................... 52 
References ......................................................................................................................... 53 
CHAPTER 3: SAND AND GRAVEL pH AFFECT MOBILITY OF FERTILIZER-
APLIED IRON.................................................................................................................. 69 
Abstract ............................................................................................................................. 69 
Introduction ....................................................................................................................... 69 
Materials and Methods ...................................................................................................... 71 
Results ............................................................................................................................... 75 
Discussion ......................................................................................................................... 78 
Conclusions ....................................................................................................................... 81 
References ......................................................................................................................... 82 
CHAPTER 4: A SOIL TESTING FRAMEWORK FOR DIAGNOSING SOIL 
LAYERING PROBLEMS .............................................................................................. 101 
Soil Testing ..................................................................................................................... 101 
Sampling and Analysis ................................................................................................... 103 
Soil Test Interpretation, Future Research ....................................................................... 105 
ix 
 




LIST OF TABLES 
Table 1. USGA particle size recommendations for putting green root zone mixes ......... 31 
Table 2. USGA recommendations for physical properties of putting green root zone..... 32 
Table 3. USGA size recommendations for gravel if a 5 to 10 cm intermediate layer is. . 33 
Table 4. USGA size recommendations for gravel (U.S. Golf Association, 2018). .......... 34 
Table 5. Selected papers detailing soil formation in engineered putting greens soils ...... 35 
Table 6. Soil profile descriptions, clay, and volumetric water content for the studied. ... 59 
Table 7. Particle size distribution for the studied soils. .................................................... 60 
Table 8. Chemical properties of the studied soils. ............................................................ 61 
Table 9. Analysis of variance for total soil FeXRF as affected by a full factorial of. ......... 85 
Table 10. Analysis of variance for Fe(II)HCl, Fe(III)HCl, FeTHCl, and Fe(II)HCl/FeTHCl..... 86 
Table 11. Fe(II)HCl as affected by Fe treatment, gravel source, and sand source. ............ 87 
Table 12. Fe(III)HCl as affected by depth, Fe treatment, and sand source. ........................ 88 
Table 13. FeTHCl as affected by Fe treatment, gravel source, and sand source. ............... 89 
Table 14. Fe(II)HCl/FeTHCl as affected by depth, Fe treatment and sand source. .............. 90 
Table 15. Fe(II)HCl/FeTHCl as affected by depth and Fe treatment. ................................... 91 
Table 16. Analysis of variance for sand pH (measured at end of study) as affected ........ 92 
Table 17. Analysis of variance for leachate pH as affected by sand source, gravel. ........ 93 
Table 18. Leachate pH across all leaching event as affected by sand x gravel x Fe. ....... 94 
Table 19. Analysis of variance for Total Fe in leachate as affected by sand source ........ 95 
Table 20. Total Fe in leachate as affected by sand x Fe treatment. .................................. 96 
Table 21. Analysis of variance for air permeability (k) of sand . ..................................... 97 
Table 22. Sampling description to study layering issues in one putting green. .............. 109 




LIST OF FIGURES  
Figure 1. Pedogenesis of engineered sand putting green soils of golf courses. ................ 36 
Figure 2. Four soil profiles with horizon designations across a linear topographic  ........ 62 
Figure 3. A) Clay lamella at the interface of sand and gravel in Profile 4 ....................... 63 
Figure 4. Clay content with and without removal of Fe-oxides for profiles 1, 2, and 4. .. 64 
Figure 5. Relationship between clay content (no pre-treatment) and mean FeD. ............. 65 
Figure 6. X-ray diffractograms for the <2µm fractions of the clay lamella. .................... 66 
Figure 7. Three hypotheses to explain the formation of clay lamellae formation. ........... 67 
Figure 8. Discriminant analysis (DA) of X-ray fluorescence (XRF) spectra  .................. 68 
Figure 9. Total soil FeXRF as affected by sand source, Fe treatment, and depth. .............. 98 
Figure 10. Sand pH as affected by Fe treatment and column depth ................................. 99 
Figure 11. Leachate pH as affected by sand source, Fe treatment, and number ............. 100 
1 
 
CHAPTER 1: PEDOGENESIS IN ENGINEERED PUTTING GREEN SOILS 
Abstract 
Engineered putting green soils are designed to meet prescribed performance 
metrics, but their performance can decline over time due to the process of soil formation. 
Putting green soils are anthropogenic, but form under the five soil-forming factors: 
climate, organisms, relief, parent material, and time. The soils begin as C horizons over 
gravel and are classified as Typic Quartzipsamments. An O horizon (grass) is established 
shortly after construction, and organic matter accumulation leads to the development of A 
horizons, which continue to grow in thickness until organic matter accumulation plateaus 
after 15 to 20 years. As early as five years into their formation, engineered putting green 
soils may form placic horizons and/or clay lamellae if specific conditions are present. The 
formation of B horizons leads to changes in the taxonomic classification of the soils and 
further decline in the soil’s performance. The unique anthropogenic combination of the 
soil forming factors leads to rapid pedogenesis of engineered putting green soils.  
Engineered Soils of Turfgrass Systems: An Overview 
The total area of turfgrass coverage in the USA has been estimated to be 128,000 
to 200,000 km2, which makes up between 1.5 to 2.3% of the total land area in the 
continental U.S. (Milesi et al., 2005). There are more than 16,000 golf courses in the 
USA, and the land area of a typical golf course facility is 0.78 km2 (Beard, 2002). 
Approximately 6.3 to 9.7% of the total turfgrass area in the USA and ca. 0.15% of the 
total land area in the United States can be attributed to golf courses. On a typical golf 
course, only 25% of the total land area is comprised of intensively managed turfgrass 
2 
 
(greens, tees, or fairways), with the remainder of the facility containing lower-
maintenance turfgrass and natural areas (Beard, 2002). 
Golf course putting greens only comprise ca. 1 to 2% of the managed turfgrass 
area of a golf course (Beard, 2002). Golfers often judge the quality of a golf course by the 
condition of the putting greens. Most golf shots are played to or on the putting green, 
resulting in a high amount of traffic concentrated in a small area. Putting greens are 
intensively managed with daily mowing at heights of less than 3 mm, frequent 
fertilization, and application of xenobiotics every 1 to 2 weeks. Given the input-driven 
economic impact of putting greens, research has led to recommendations for specialized 
construction techniques for golf putting greens. 
The two most common putting green design specifications are described by the 
University of California (Davis et al., 1990), and the United States Golf Association 
(USGA) (U.S. Golf Association, 2018) (Tables 1, 2). Both designs use predominantly 
sand-based root zones with a 30 cm depth, gravel-filled trenches beneath the root zone, 
and a network of drainpipe trenched below the gravel. High sand content is desirable for 
its rapid drainage and resistance to compaction. The major differences between the two 
designs are the inclusion of an organic or mineral amendment and the presence of a 10 
cm gravel layer beneath the sand in putting greens built to the recommendations of the 
USGA (hereafter referred to as “USGA greens”). USGA greens may also contain an 
intermediate layer between the sand and gravel (Table 3). The USGA specification 
results in increased water retention in the finer-textured sand root zone between periods 
of rainfall and irrigation yet allows the soil to drain quickly into the coarser-textured 
gravel layer during high-intensity rain events. When it rains, the sand root zone 
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accumulates water until it reaches a threshold where the gravimetric water potential 
exceeds the matric potential in the sand, at which point water is displaced into the gravel 
layer. The specified difference in particle size between the sand and gravel is large 
enough to allow for adequate permeability, yet small enough to allow the sand to bridge 
over pore spaces in the gravel (Table 4). As the soil dries, water is retained for longer 
periods in organic-rich surface horizons of the profile, as well as at the interface between 
sand and gravel (Prettyman and McCoy, 2003; Taylor et al., 1997).  
The physical properties of USGA green specifications are well-understood, and 
the benefits of water availability and resistance to compaction make them very popular 
on courses built since the specifications were released. For several years after 
construction, these putting greens maintain high rates of water infiltration and dry quickly 
after rain events. However, soil formation results in physicochemical problems in these 
soils as they age, leading to decreased water infiltration and porosity, persistently wet and 
anaerobic conditions, and eventual decline in turfgrass density and uniformity (e.g., 
Curtis and Pulis, 2001; Carrow, 2004; Carley et al., 2011). Due to the popularity of this 
construction technique and the golf construction boom of the 1990’s (Napton and 
Laingen, 2008), many USGA putting greens in the USA are reaching an age of 20 to 30 
years, and physicochemical problems which lead to reduced physical performance often 
result in costly reconstruction of putting greens. Despite this economic impact, research 
on soil formation in engineered putting green soils is limited.  
This review focuses on soil forming factors which lead to a variety of 
physicochemical problems that negatively affect performance of engineered putting green 
soils, with a focus on greens constructed USGA specifications due to their economic 
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impact. Immediately after construction, the physical properties of these soils dictate their 
performance. The sand root zones could be classified as unaltered C horizons. However, 
these soils undergo pedogenesis as they age, and soil-forming processes can lead to 
formation of A and B horizons. The USGA recommendation for putting green 
construction are based on physical properties and have not traditionally considered soil 
chemical or biological properties until considerations for sand and gravel pH were added 
in 2018 (U.S. Golf Association, 2018). There is also limited research on chemical and 
biological properties in aging turfgrass soils, especially in the context of pedogenesis. As 
a result, there are many putting greens with declining performance, and a lack of 
information about their pedogenesis makes these problems difficult to understand.  
Soil Forming Factors in Engineered Putting Green Soils 
Soil can be defined as a combination of solids (mineral and organic), liquids, and 
gases that occupy space on the land surface, and are characterized by layers or horizons 
which are different from the initial parent material (Soil Survey Staff, 2010). The 
horizons form from specific inputs, outputs, transformations, and translocation. 
Pedogenesis, or soil formation, occurs within the framework of the five soil forming 
factors of climate, organisms, relief, parent material, and time (Jenny, 1941). Human 
impact on soil formation can be considered as a separate factor (Yaalon and Yaron, 
1966), or as an influence on the other existing five factors. By this definition, engineered 
putting greens can be considered as soils which undergo pedogenesis as they develop 
layers resulting from inputs, outputs, transformations, and translocations, as well as the 
five soil forming factors. Pedogenesis in anthropogenic soils has been described 
comprehensively in a review paper by Leguédois et al. (2016). 
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Soil Taxonomy (Soil Survey Staff, 2010) provides a system of soil classification 
that separates soils based on the presence or absence of diagnostic soil horizons, as well 
as specific soil forming processes and factors. Of the soil forming factors, climate and 
parent materials have the greatest influence on the differentiation of soil orders 
(Bockheim et al., 2014). In engineered turfgrass soils, all five factors are affected by 
anthropogenic influences. The following sections describe how each soil forming factor 
uniquely applies to engineered putting green soils. 
Parent Material 
The parent material of engineered putting green soils is dependent on the 
materials used in construction. The USGA recommendations for putting green 
construction (2018) specify the particle size ranges that are used for construction (Table 
1), so these soils are all constructed with a similar range of particle sizes. The mineralogy 
of the sand varies by region, with most of the soils having “a composite of silica minerals 
including quarts, feldspars, and other minerals,” along with sand that may contain 
varying amounts of calcite and dolomite (U.S. Golf Association, 2018). Soil amendments 
are often blended with the sand to improve retention of water and nutrients within the 
particle size and performance recommendations of the USGA (2018). Soil local to the 
construction location is sometimes blended with the sand. Organic amendments including 
sphagnum peat, reed sedge peat, and compost are commonly used, but may break down 
over time, potentially reducing their effectiveness and soil hydraulic conductivity 
(McCoy, 1992). Inorganic amendments including calcined diatomites, calcined clay, and 
zeolite have been studied as alternatives to organic amendments (e.g., Waltz et al., 2003; 
Bigelow et al., 2004). 
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The USGA (2018) recommends using washed crushed stone or pea gravel below 
the sand, and although the recommendations do not specify mineralogy, they do state that 
it is unacceptable to use soft limestone, sandstone, or shale gravel. The USGA updated its 
recommendations in 2018 and advised against using low pH sand above high pH gravel 
based on the research of Obear et al., 2014a, who reported iron-cemented layers at the 
interface of low pH sand and high pH gravel.  
After construction, additional inputs add more parent materials to the system. Turf 
is commonly topdressed with sand to offset the accumulation of organic matter and 
maintain uniformity and firmness of the surface. The USGA recommends using sand that 
meets the existing soil’s particle size distribution (USGA Green Section Staff, 1994), 
although it is common for topdressing sand to have different particle size distribution and 
mineralogy from the sand used in construction. Salts from irrigation and fertilizer can 
also be classified as parent material additions. The amount of salt load from irrigation 
depends on the water’s composition, which varies by region, as well as the amount of 
irrigation applied and the amount of leaching that occurs. Fertilizers include plant-
essential macro- and micronutrients, all of which can be retained in the soil and 
contribute to the available parent materials in the system. Finally, it is common in the 
turfgrass industry to apply amendments to address soil chemical problems. Gypsum 
(calcium sulfate) may be applied to address soil sodicity. Lime may be applied to 
increase soil pH, whereas elemental sulfur may be applied to lower soil pH. The more 
highly-buffered the input material, the more of an impact it may have on the bulk 
chemical properties of the soil, and the more resistant it is to change. Engineered putting 
green soils are commonly treated with xenobiotics (e.g. Lyman et al., 2012), including 
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fungicides, insecticides, herbicides, plant growth regulators, biostimulants, surfactants, 
dyes, and pigments. While these xenobiotics may be retained in the soil after they are 
applied, their persistence could be lower than recalcitrant materials like fertilizer salts or 
topdressing sand. Xenobiotics would be less likely to contribute to the soil’s long-term 
parent material composition. 
Finally, less common site-specific sources of deposition could alter parent 
materials of engineered putting green soils. In cases where putting greens are lower in 
elevation relative to their surrounds, runoff could transport sediment onto the putting 
green surface. However, construction techniques are typically designed to prevent this 
from happening, and turfgrass cover reduces the potential for runoff and sediment 
movement (e.g., Cole et al., 1997; Steinke et al., 2007).  
Organisms 
 Organisms play a key role in soil formation of engineered putting green soils. 
Immediately after construction, high density grass communities are established form O 
Horizons. The most common grass species differ by region. C3 grasses including 
creeping bentgrass and annual bluegrass are common in the northern United States, 
whereas C4 grasses including bermudagrass and seashore paspalum are more common in 
the southern United States (e.g., Stier et al., 2013). While these soils initially contain very 
little organic matter, the growth of grass results in the accumulation of organic matter at 
the soil surface, and ultimately the formation of A horizons. However, unlike in 
agriculture where organic matter accumulation improves soil physical properties (Brady 
and Weil, 2008), turfgrass managers work to minimize organic matter accumulation to 
minimize surface wetness and increase surface firmness. Organic matter accumulation 
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has been well-studied in putting green soils (Table 5) and is detailed in section 3.2 of this 
review. Factors influencing organic matter composition and accumulation include growth 
habit and species of grass, soil properties (chemical, physical, and biological), cultural 
management practices, and climate (Gaussoin et al., 2013).  
 Microorganisms play a key role in chemical transformations that contribute to soil 
formation. Characterization of the microbiome of turfgrass soils is a relatively new 
research area (Shi et al., 2007). Land-use change to turfgrass significantly alters 
microbial community composition (Yao et al., 2006; Ye et al., 2009; Chen et al., 2019), 
especially in the top 5 cm of the soil (Shi et al., 2006). Bigelow et al. (2002) found that 
these communities can establish within 1 to 2 years after construction in sand putting 
greens. Beirn et al. (2017) reported that soil microbial community structure in a Poa 
annua putting green varied by time of year, suggesting response to environmental factors. 
The authors also concluded that Poa annua putting greens can support a broad diversity 
of microbes despite receiving frequent pesticide applications. Similarly, Elliott et al. 
(2008) reported high taxonomic diversity of culturable bacteria in the rhizosphere of 
bentgrass and bermudagrass sand putting greens. While various studies have tied soil 
microbial composition to specific functions such as nutrient cycling (van der Heijden et 
al., 2008) and suppression of pathogens (Mendes et al., 2011), no studies have 
characterized soil microbial contribution to soil formation in engineered putting green 
soils.  
 Scott (1986) and Berndt et al. (1987) conducted research on an issue termed 
“black layer,” where sulfur is reduced in anaerobic soils and leads to a decline in turf 
quality. The process of sulfate reduction has been tied to the activity of sulfate-reducing 
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bacteria (Berndt and Vargas, 2006). Several studies have characterized “black layer” in 
engineered turfgrass soils, but the concept hasn’t been explored from a pedological 
perspective. It is likely that the anaerobic conditions that lead to reduction of sulfur could 
also reduce iron, manganese, and aluminum, increasing their mobility and ability to 
redistribute to lower depths of the soil profile.   
Climate 
 The distribution of turfgrass follows the distribution of urban areas across the 
USA (Milesi et al., 2005). Golf course turfgrass is found across a wide range of climates. 
Due to human influences including irrigation, mowing, and fertilization, golf course 
turfgrass thrives in places where grasses would not normally be competitive.  
 Precipitation influences soil moisture regime and mineral weathering. Engineered 
turfgrass soils are irrigated, which may normalize the soil moisture regime with 
consistent lower and upper boundaries. The lower boundary of soil moisture for any 
putting green soil would be set at the wilting point of the grass, as going below this point 
would result in death or dormancy of the turf. The wilting point of grass in sandy soils 
depends on the grass species and the water holding characteristics of any given soil, and 
can be determined empirically (e.g., 5% gravimetric water content reported in Obear et 
al., 2014b) or as the water content at 15 bar (0.4 to 3.5% volumetric water content 
reported in Shaddox, 2004). The upper boundary of soil moisture is the water content at 
saturation, which depends on particle size distribution, porosity, and bulk density. 
However, sandy soils drain rapidly and the soil’s field capacity may be a more relevant 
upper boundary for soil moisture as it pertains to soil formation. Field capacity is 
dependent on soil physical properties; Shaddox (2004) reported a range of field capacity 
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from 7.7 to 15.6% volumetric water content for several sand and amended sand mixtures. 
For arid regions more dependent on irrigation to stay within these soil moisture 
boundaries, deposition of salts (i.e., new parent materials) may be greater compared to 
sites with more rainfall.  
Relief 
 In engineered systems, relief is almost always modified to enhance drainage. 
Before the popularity of sand-based greens, greens were constructed by plowing 
surrounding soil into a sloped, elevated surface (referred to as “push-up” greens) to 
maximize rainfall runoff in lieu of internal drainage. The increased use of sand-based 
greens with tile drainage allowed for the construction of flatter putting greens with less 
potential for runoff. While putting greens differ in slope position throughout a golf 
course, tile drainage and highly permeable sand may negate these differences and 
normalize the effects of landscape-scale relief on soil formation. Relief on a putting green 
typically varies by <1 m from the lowest point to the highest point and slopes commonly 
range from 0 to 4%. However, slope-induced lateral water movement has been 
characterized in sand-based greens (Prettyman and McCoy, 2003), and it is common for 
the lowest-relief areas on greens to be wetter. These areas are also anecdotally more 
prone to “black layer,” where sulfur becomes reduced in anaerobic soil conditions 
(Berndt and Vargas, 2008). It is common for soil organic matter to be greater in lower-
relief areas of putting greens compared to high relief areas. Obear et al. (2014a) reported 
soil organic carbon contents twice as high in a low area (1.6%) compared to a high area 
(0.8%) on the same putting green in Hawaii, possibly attributed to lower rates of organic 
matter breakdown in anaerobic conditions. There is also evidence for greater severity of 
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layering issues in low areas compared to high areas on the same green (Obear et al., 
2014a; Obear et al., 2017), indicating solutes and fine solid particles can move laterally 
from high areas to low areas. 
Time 
The age of engineered putting green soils can be estimated by analyzing trends in 
golf course construction. The exact number of putting greens built to the 
recommendations of the USGA is unknown (U.S. Golf Association, personal 
communication). The actual number and age distribution of engineered turfgrass soils is 
difficult to estimate accurately. The first edition of the USGA recommendations for 
putting green construction was published in 1960. There were ca. 5,000 golf courses in 
the USA at this time. The number increased from 1960 to 1970, growing to ca. 10,000 
golf courses. The number of courses built per year declined during the early 1980s, 
increased again in the 1990s, and by the year 2000, there were 16,000 golf courses in the 
USA (Napton and Laingen, 2008). At the end of 2020, the National Golf Foundation 
reported that there were 16,100 golf courses in the USA, indicating golf course 
construction has been reduced from 2000 to 2020 (and most new construction was offset 
by golf course closures). In theory, the oldest USGA greens could be ~60 years old. 
However, many greens undergo renovation and reconstruction during their lifetime, so it 
is unclear how many putting greens still exist as originally constructed from 1960 to 
1980. The ~3000 courses built between 1980 and 1990 could have greens between 30 and 
40 years old. The ~3,000 courses built between 1990 and 2000 could have greens that are 
ca. 20 to 30 years old.  
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The American Society of Golf Course Architects (2014) reports that the expected 
life span of a putting green is between 15 to 30 years, and layering issues above the 
surface of the original construction material are one of the reasons for replacement. The 
cost of replacing putting greens can be significant, so research that improves our 
understanding of layer formation at the surface or subsurface of putting greens has a 
significant economic impact. 
Soil Formation and Taxonomy of Engineered Putting Green Soils 
Soil at Time Zero 
Initially, engineered sand putting green soils would be classified at the order level 
as Entisols in Soil Taxonomy as they do not have cambic horizons, which are “the result 
of physical alterations, chemical transformations, or removals” and must be at least 15 
cm thick (Soil Survey Staff, 2010). The textural boundaries in these soil profiles result in 
certain depths being persistently wet and possibly oxygen-depleted, which could support 
designation of an aquic soil moisture regime. If this were the case, putting green soils 
would be classified as Typic Psammaquents. However, there is an assumption that soil 
moisture regimes are not affected by irrigation, so these soils cannot be assigned a soil 
moisture regime. While Soil Taxonomy does describe irrigation-induced “anthraquic” 
conditions, this only applies to flood irrigation and not to turfgrass soils. Given that the 
soil texture of these soils is >97% sand, they would classify as Psamments at the suborder 
level. Although not specified in the recommendations by the USGA (U.S. Golf 
Association, 2018), the sand mineralogy is typically resistant to weathering and would 
qualify these soils as Quartzipsamments at the great group level. At the subgroup level, it 
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is impossible to assign a soil moisture regime as the soils are irrigated, so the soils would 
be classified as Typic Quartzipsamments. 
This review focuses on Soil Taxonomy as it is the system used in the USA, but the 
World Reference Base for Soil Resources (WRB) is another taxonomic system that 
provides descriptions for anthropogenic soils. In WRB, engineered putting greens would 
be considered Technosols, which are “soils dominated or strongly influenced by human-
made material” (IUSS Working Group WRB, 2014). WRB reports that soil profile 
development is “generally weak, although . . . evidence of natural pedogenesis can be 
observed.” The nature and organization of the parent materials strongly affects 
pedogenesis in Technosols. 
Formation of A Horizons 
The growth of grass leads to accumulation of organic matter in engineered putting 
green soils. Factors influencing organic matter composition and accumulation include 
grass species, growth habit , soil properties (chemical, physical, and biological), cultural 
management practices, and climate, and these factors are discussed in a literature review 
by Gaussoin et al. (2013). In engineered putting greens, turfgrass managers try to 
minimize the accumulation of organic matter because it increases water-holding capacity 
near the soil surface and decreases playability for golfers (Glasgow et al., 2005). 
 Numerous studies have focused on development of A horizons in sand putting 
green soils (Table 5). Organic matter is greatest at the soil surface and decreases with 
depth. Organic matter accumulates more quickly during early years following 
construction, and the rate of accumulation decreases with age (Kerek et al., 2003; Carley 
et al., 2011). Of the 16 A horizon studies in Table 5, only six reported data from multiple 
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sites or different putting greens, with the remainder of studies focused on changes within 
a single site. Schmid et al. (2014b) and Carley et al. (2011) provided the most 
comprehensive analysis of organic matter accumulation across multiple sites. In the 104 
sites studied by Schmid et al. (2014b), organic matter ranged from 12.3 to 84.3 g SOM 
kg-1 in soils ranging from 6 to 108 years old. Carley et al. (2011) reported similar findings 
in their analysis of 49 sites across North Carolina, reporting a range of 2 to 80 g SOM kg-
1, and accumulation of carbon at a rate of 59 g m-2 yr-1 over a 25 year period.  
A key longitudinal study from Nebraska provided several key papers related to 
organic matter accumulation in putting greens. Identical putting greens were constructed 
at the same site in 1997, 1998, 1999, and 2000. When the soils were 1 to 5 years old, 
McClellan et al. (2009) reported an average soil organic matter concentration of 21.9 g 
SOM kg-1 in the top 7.6 cm of the profile. In 2010, Lewis et al. described the soil physical 
properties of the same soils and documented decreases in saturated hydraulic 
conductivity with increasing organic matter concentration. The authors reported that the 
mat (organic-matter enriched) layer accumulated at a rate of 0.65 cm yr-1. Schmid et al. 
(2014a) studied the putting greens built in 1997 and 2000 and reported an organic matter 
range of 15.8 to 34.0 g SOM kg-1; cultivation (soil removal) and sand topdressing 
practices offset the accumulation of organic matter for some plots, while other areas of 
the putting greens increased to a maximum of 34.0 g SOM kg-1. 
Sampling depth ranged from 0.25 to 15 cm in the studies in Table 5, and 
McClellan et al. (2009) described the potential for fixed-depth sampling to confound 
organic matter measurements. The only study in Table 5 to sample and measure organic 
matter based on horizon thickness and not fixed depth was Fu et al. (2009). This explains 
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why the soil organic matter concentrations reported by Fu et al. (2009) were higher than 
other studies; when fixed sampling depth includes C horizon material below the A 
horizon, it decreases the amount of organic matter per unit of bulk soil. Future A horizon 
studies in turfgrass would benefit from a cross-disciplinary approach that combines 
applied agronomic concepts with pedological evaluation.  
The organic-matter enriched surface layers in turfgrass systems qualify as A 
horizons, as they have formed below an O horizon (the turfgrass) and contain “an 
accumulation of humified organic matter closely mixed with the mineral fraction and not 
dominated by properties characteristic of E or B horizons” (Soil Survey Staff, 2010). The 
turfgrass literature has not traditionally characterized these layers as A horizons, and 
instead typically refers to this area as the “mat layer,” which is a combination of organic 
matter and soil below any thatch produced by the grass at the surface. The A horizons in 
engineered turfgrass soils do not meet any criteria for diagnostic epipedons due to their 
relatively shallow depth. The A horizons also do not meet the criteria for cambic horizons 
since they are less than 15 cm thick and don’t have a textural class of very fine sand or 
finer. Engineered turfgrass soils with developed A horizons would still be classified as 
Typic Quartzipsamments.  
Formation of Placic Horizons 
 Obear et al. (2014a) described iron-cemented layers which met the criteria for 
placic horizons in sand putting green soils across a broad range of geographical location 
(Washington, Wisconsin, New Jersey, Virginia, Florida, and Hawaii). The putting greens 
studied in detail ranged from 9 to 35 years in age. The placic horizons were cemented by 
iron and sometimes manganese and aluminum, and some of the placic horizons also had 
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increased organic carbon. The rate of placic horizon formation in soils is unknown 
(Bockheim, 2011), although Conry et al. (1996) described an anthropogenic iron 
cemented pan layer in a podzol over a timescale of decades to centuries. The horizons in 
Obear et al. (2014a) formed at rates of 1.5 mm per year, and at some sites became 
cemented in less than 10 years after construction. This provides evidence that although 
soil forming processes may be similar, pedogenesis can occur more rapidly in engineered 
putting green soils due to anthropogenic Fe inputs, irrigation, use of low-surface area 
sand, and the construction of textural boundaries. Obear and Soldat (2014) also 
anecdotally described iron-cemented layers forming above gravel drain trenches in 
constructed sand-based athletic fields and sand bunkers.  
Obear et al. (2014a) proposed that iron-cemented layers can form when there is 
downward movement of water, presence of reducible or soluble Fe, and a textural 
discontinuity in the soil profile. The authors proposed that the layers form through a 
three-step process: 1) lithogenic Fe(III) from sand is reduced to Fe(II) and solubilized, 2) 
Fe(II) from sand and from applied fertilizer is translocated downwards to textural 
boundaries at depth in the soil, and 3) Fe(II) is oxidized upon exposure to oxygen in the 
gravel layer below the sand, forming an Fe(III) precipitate and cementing the soil 
together. These factors are well-described in studies characterizing placic horizons; at 
textural boundaries where water is preferentially retained, wetter soils develop a lower 
redox potential, and Fe(II) in these soils can be oxidized to Fe(III) upon exposure to drier 
soils with higher redox potential (Lapen and Wang, 1999; Breuning-Madsen et al., 2000; 
Pinheiro et al., 2004; Wu and Chen, 2005; Weindorf et al., 2010; Jien et al., 2013).  
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There were key gaps in Obear et al. (2014a) that lead to unanswered questions. 
First, the authors did not report or measure clay content in the soils, and as presented in 
Chapter 2 of this dissertation, clay lamellae have a similar appearance to placic horizons 
when Fe is associated with the clay. Second, there are no published measurements of 
redox potential in engineered putting green soils. There is an assumption in Obear et al. 
(2014a) that the gravel layer contains oxygen and has a high redox potential, but this may 
not be true. Third, the authors did not quantify the effects of layering on soil physical 
properties. Finally, the authors did not measure the pH of the gravel layer below the sand, 
which could have affected Fe mobility and speciation at the interface of sand and gravel. 
Chapter 3 in this dissertation studies the effect of sand and gravel pH on iron mobility.  
A comprehensive survey has never been conducted to determine the extent of iron 
cemented layers in engineered putting green soils. In an unrelated study, Obear and 
Soldat (2014) conducted a non-random sampling of engineered putting greens and noted 
layers above the gravel that were cemented or red in color in 12 of the 36 sites. It is 
unclear whether iron accumulation would cause agronomic problems on 33% of golf 
courses. Regardless, the visual presence of a red layer could cause the perception of a 
problem, which could lead to unnecessary inputs or renovations that aren’t supported by 
research. A key priority of future research in this area must be accurate characterization 
and diagnosis; while it will be important to understand remediation or prevention 
techniques for sites that have layering problems, it may be even more important to define 
a testing framework that differentiates red-colored layers from truly problematic layers 
that affect putting green performance.   
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Engineered putting greens may be classified in Soil Taxonomy as Typic 
Psammaquents or Typic Quartzipsamments at the time of construction. The presence of a 
placic horizon may classify them as Inceptisols, an entirely different soil order. Although 
irrigated soils cannot be assigned soil moisture regimes, these soils may quality as 
Aquepts at the suborder level since the sand-gravel interface often remains near 
saturation, they may contain features of sulfuric horizons (see “black layer” in section 
2.2), and they contain ferrous iron (Soil Survey Staff, 2010). These soils would further 
classify as Placic Petraquepts since they contain cemented diagnostic placic horizons. If 
the soils could not be assigned a soil moisture regime due to irrigation, they would 
classify as Udepts at the suborder level. The Fe-cemented layers in putting greens do not 
qualify as duripans (silica-cemented) or fragipans (15 cm or more thick), so they would 
not qualify as Duriudeps or Fragiudepts, and would thus be classified as Dystrudepts. At 
the subgroup level, Oxyaquic Dystrudepts “are saturated with water in one or more layers 
within 100 cm of the mineral soil surface for . . . 20 or more consecutive days . . . [or] 30 
or more cumulative days” per year. While the surface of sand putting greens is rarely at 
saturation, the layer of sand just above the gravel layer may be near saturation for long 
stretches of time, and this feature could quality putting green soils with iron-cemented 
layers as Oxyaquic Dystrudepts.  
Formation of Clay Lamellae 
 Obear et al. (2017) described thin, clay-enriched lamellae that formed at the 
interface of sand and gravel in 9-year-old putting greens in Mississippi. The layers were 
similar in appearance to the iron-cemented layers described in the previous section, and 
Fe was associated with the increased clay content. However, clay content was measured 
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with and without Fe-removal and the layers were confirmed to be clay-enriched and 
distinctly different from placic horizons. The authors investigated whether the clay could 
have come from breakdown and translocation of a calcined clay soil amendment, or from 
the underlying subgrade during periods of saturation, but both sources were ruled out 
based on mineralogical analysis of the lamellae. The authors concluded that lamellae 
likely originated from clay that was present in the sand at the time of construction, which 
was then translocated downwards. This research is presented in Chapter 2 of this 
dissertation.  
Soil Taxonomy defines lamellae as illuvial horizons <7.5 cm thick which contain 
clay that bridges sand and silt grains (Schoeneberger et al., 2012). Lamellae are usually 
only designated in soils >50 cm deep. The layers in Obear et al. (2017) formed in soils 
that were 45-48 cm deep, but otherwise meet the criteria for classification as lamellae. 
Lamellae are only classified as cambic (physically altered, chemically transformed, or 
resulting from removals) or argillic (illuvial clay-enriched) horizons if they occur in a 
vertical series of two or more over a depth of 15 cm, so the lamellae in Obear et al. 
(2017) would not meet this criterion and would not qualify as Inceptisols. The high 
content of quartz sand would make these soils Quartzipsamments, and the presence of 
lamellae would classify the soils as Lamellic Quartzipsamments at the subgroup level.  
Connecting Themes for Pedogenesis 
This literature reviews the pedogenesis of engineered putting green soils, which is 
summarized in Figure 1. The soils begin as Typic Quartzipsamments and feature a C 
horizon layered over gravel. Shortly after construction, an O horizon (grass) and soil 
microbiome is established. This leads to the accumulation of organic matter at the soil 
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surface and the formation of a thin A horizon within the first year of establishment. The 
A horizons thicken as organic matter accumulates and eventually plateaus over the next 
15 to 20 years. As early as 5-10 years after construction, placic horizons may form if 
sufficient Fe is present, and conditions are such that the Fe is reduced, translocated, and 
re-oxidized at the textural boundary of sand and gravel. The formation of placic horizons 
may change the classification of the soils to Placic Petraquepts or Oxyaquic Dystrudepts. 
Within 5 to 10 years, clay lamellae may also form if sufficient clay is present to be 
translocated and redistributed to the boundary of sand and gravel. The formation of 
lamellae may change the classification of these soils to Lamellic Quartzipsamments.   
Leguédois et al. (2016) reviewed soil formation in Technosols (human-influenced 
soils) and concluded that “pedogenic processes observed in Technosols are similar to 
those occurring in more natural soils; however, they are associated in unusual 
assemblages and generally seem to act rapidly, generating a quicker soil evolution.” The 
authors concluded that models for soil formation in these soils are not much different 
than models for more natural soils, and modeling is possible as long as we can 
characterize the unusual combination of conditions and integrate the appropriate physical 
and chemical properties into the framework. 
The soils described in this review are uniquely influenced by human activities. 
Their construction results in the use of parent materials that wouldn’t naturally occur in a 
given location and layers those materials in ways that wouldn’t have occurred naturally. 
Organisms (grass and microbial communities) form O horizons and drive the 
development of A horizons through production of organic matter. Climate is affected by 
supplemental irrigation and specific particle size ranges that result in consistent lower and 
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upper boundaries of soil moisture across sites. Relief is controlled by architectural design 
and may only affect soil formation within a given putting green. The confluence of 
human influence on these soil forming factors results in a rapid increase in the 5th soil 
forming factor, time. In more natural soils, the formation of B horizons such as lamellae 
and placic horizons may take hundreds to thousands of years depending on site factors. In 
the soils of engineered putting greens, these horizons have formed in less than 10 years. 
Given that many of the processes leading to formation of these soil horizons are similar 
in more natural soils, engineered putting greens may provide a model system to study 





Beard, J.B. 2002. Turf management for golf courses. Ann Arbor Press, Ann Arbor, MI. 
Beirn, L.A., J.W. Hempfling, C.J. Schmid, J.A Murphy, B.B. Clarke, and J.A. Crouch. 
2017. Differences among soil-inhabiting microbial communities in Poa annua 
turf throughout the growing season. Crop Sci. 57:262-273. 
Berndt, W.L., and J.M. Vargas. 1987. Etiology and impact of dissimilatory sulfate 
reduction in highly maintained turfgrass soils. Phytopath. 77:1716. 
Berndt, W.L., and J.M. Vargas. 2006. Dissimilatory reduction of sulfate in black layer. 
HortScience. 41:815-817. 
Berndt, W.L., and J.M. Vargas. 2008. Elemental sulfur reduces to sulfide in black layer 
soil. HortScience. 43:1615-1618. 
Bigelow, C.A., D.C. Bowman, and A.G. Wollum, II. 2002. Characterization of soil 
microbial population dynamics in newly constructed sand-based rootzones. Crop 
Sci. 42:1611–1614.  
Bigelow, C.A., D.C. Bowman, and D.K. Cassel. 2004. Physical properties of three sand 
size classes amended with inorganic materials or sphagnum peat moss for putting 
green root zones. Crop Sci. 44:900-907. 
Bockheim, J.G. 2011. Distribution and genesis of ortstein and placic horizons in soils of 
the USA: A review. Soil Sci. Soc. Am. J. 75:994–1005. 
Bockheim, J.G., A.N. Gennadiyev, A.E. Hartemink, and E.C. Brevik. 2014. Soil-forming 
factors and Soil Taxonomy. Geoderma. 226-227:231-237. 
23 
 
Brady, N.C., and R.C. Weil. 2008. Nature and properties of soils. 14th ed. Prentice Hall, 
Englewood Cliffs, NJ. 
Breuning-Madsen, H., J. Rønsbo, and M.K. Holst. 2000. Comparison of the composition 
of iron pans in Danish burial mounds with bog iron and spodic material. Catena. 
39:1–9. 
Carley, D.S., D. Goodman, S. Sermons, W. Shi, D. Bowman, G. Miller, and T. Rufty. 
2011. Soil organic matter accumulation in creping bentgrass greens: A 
chronosequence with implications for management and carbon sequestration. 
Agron. J. 103:604-610. 
Carrow, R.N. 2004. Surface organic matter in bermudagrass greens: A primary stress? 
Golf Course Manage. 72:102-105.  
Cole, J.T., J.H. Baird, N.T. Basta, R.L. Huhnke, D.E. Storm, G.V. Johnson, M.E. Payton, 
M.D. Smolen, D.L. Martin, and J.C. Cole. 1997. Influence of buffers on pesticide 
and nutrient runoff from bermudagrass turf. J. Environ. Qual. 26:1589-1598. 
Chen, H., Q. Xia, T. Yang, D. Bowman, and W. Shi. 2019. The soil microbial community 
of turf: linear and nonlinear changes of taxa and N-cycling gene abundances over 
a century-long turf development. FEMS Microbiol. Ecol. 95:fiy224. 
Conry, M.J., F. De Coninck, and G. Stoops. 1996. The properties, genesis and 
significance of a man-made iron pan podzol near Castletownbere, Ireland. Eur. J. 
Soil Sci. 47:279–284. 
24 
 
Curtis, A., and M. Pulis. 2001. Evolution of a sand-based root zone. Golf Course 
Manage. 69:53-56. 
Davis, W.B., J.L. Paul, and D. Bowman. 1990. The sand putting green: Construction and 
management. Leaflet-University of California, Cooperative Extension Service. 
Elliot, M.L., J.A. McInroy, K. Xiong, J.H. Kim, H.D. Skipper, and E.A. Guertal. 2008. 
Taxonomic diversity of rhizosphere bacteria in golf course putting greens at 
representative sites in the southeastern United States. HortScience. 43:514-518. 
Fu, J., and P.H. Dernoeden. 2009. Creeping bentgrass putting green turf responses to two 
irrigation practices: Quality, chlorophyll, canopy temperature, and thatch-mat. 
Crop Sci. 49:1071-1078. 
Fu, J., P.H. Dernoeden, and J.A. Murphy. 2009. Creeping bentgrass color, quality, 
chlorophyll content, and thatch-mat accumulation responses to summer coring. 
Crop Sci. 49:1079-1087. 
Gaussoin, R.E., W.E. Berndt, C.A. Dockrell, and R.A. Drijber. 2013. Characterization, 
development, and management of organic matter in turfgrass systems. In: 
Turfgrass: Biology, use, and management. 56:426-456.  
Glasgow, A., R. Gibbs, K.W. McAuliffe, and C. Liu. 2005. An investigation of organic 




 Han, L., D. Li, Y. Wang, and R.E. Gaussoin. 2012. Analysis of soil chemical properties 
of sand-based turfgrass rootzone using Fourier Transform–Infrared Spectroscopy. 
Comm. Soil Sci. Plant Anal. 43: 2709-2721. 
IUSS Working Group, WRB. 2014. World reference base for soil resources. World Soil 
Resources Reports No. 106. FAO, Rome. 
Jenny, H. 1941. Factors of soil formation. A system of quantitative pedology. McGraw-
Hill, New York. 
Jien, S.H., C.W. Pai, Y. Iizuka, and C.Y. Chiu. 2013. Pedogenic processes of placic and 
spodic horizons in subtropical subalpine forest soils with contrasting textures. 
Eur. J. Soil Sci. 64:423-434. 
Kauffman, J.M., J.C. Sorochan, and D.A. Dopsell. 2013. Field sampling warm-season 
putting greens for thatch-mat depth and organic matter content. HortTechnology. 
23:369-375. 
Kerek, M., R.A. Drijber, and R.E. Gaussoin. 2003. Labile soil organic matter as a 
potential nitrogen source in golf greens. Soil Biol. Biochem. 35:1643-1649. 
Kerek, M., R.A. Drijber, W.L. Powers, R.C. Shearman, R.E. Gaussoin, and A. Streich. 
2002. Accumulation of microbial biomass within particulate organic matter of 
aging golf greens. Agron. J. 94:455-461. 
Lapen, D.R., and C. Wang. 1999. Placic and ortstein horizon genesis and peatland 
development,  southeastern Newfoundland. Soil Sci. Soc. Am. J. 63:1472-1482. 
26 
 
Leguédois, S., G. Séré, A. Auclerc, J. Cortet, H. Huot, S. Ouvrard, F. Watteau, C. 
Schwartz, and J.L. Morel. 2016. Modelling pedogenesis of Technosols. 
Geoderma. 262:199-212. 
Lewis, J.D., R.E. Gaussoin, R.C. Shearman, M. Mamo, and C.S. Wortmann. 2010. Soil 
physical properties of aging golf course putting greens. Crop Sci. 50:2084-2091.  
Lyman, G.T., M.E. Johnson, G.A. Stacey, and C.D. Brown. 2012. Golf course 
environmental profile measures pesticide use practices and trends. Appl. Turf. 
Sci. 9:1-19. 
McClellan, T.A., R.E. Gaussoin, R.C. Shearman, C.S. Wortmann, M. Mamo, G.L. Horst, 
and D.B. Marx. 2009. Nutrient and chemical properties of aging golf course 
putting greens as impacted by soil depth and mat development. HortScience. 
44:452-458. 
McCoy, E.L. 1992. Quantitative physical assessment of organic materials used in sports 
turf rootzones mixes. Agron. J. 84:375-381. 
Mendes, R., K. Marco, I. de Bruijn, E. Dekkers, M. van der Voort, J.H.M. Schneider et 
al. 2011. Deciphering the rhizosphere microbiome for disease-suppressive 
bacteria. Science. 332:1097-1100. 
Milesi, C., S.W. Running, C.D. Elvidge, J.B. Dietz, B.T. Tuttle, and R.R. Nemani. 2005. 
Mapping and modeling the biogeochemical cycling of turfgrasses in the United 
States. Environ. Manage. 36:426-438. 
27 
 
Napton, D.E., and C. Laingen. 2008. Expansion of golf courses in the United States. 
Geog. Rev. 98:24-41. 
Obear, G.R., A.E. Hartemink, and D.J. Soldat. 2014a. Soils with iron-cemented layers on 
golf courses in the USA. Geoderma. 232:198-207. 
Obear, G.R., and D.J. Soldat. 2014. Iron-cemented layers in putting green soils. Golf 
Course Manage. 
https://turf.unl.edu/research/iron_cemented_layer/Iron%20Layer%20GCM.pdf 
(verified 17 October, 2021). 
Obear, G.R., R.C. Williamson, and P.J. Liesch. 2014b. Oviposition preference of the 
Japanese beetle (Coleoptera: Scarabaeidae) in golf putting greens under different 
soil moisture and fungicide regimes. Appl. Turf. Sci. 11:1-5. 
Obear, G.R., M. Pedersen, and W.C. Kreuser. 2017. Genesis of clay lamellae in golf 
course soils of Mississippi, USA. Catena. 150:62-70. 
Pinheiro, J., M. Tejedor Salguero, and A. Rodriguez. 2004. Genesis of placic horizons in 
Andisols from Terceira Island Azores — Portugal. Catena. 56:85-94. 
Prettyman, G., and E. McCoy. 2003. Profile layering, root zone permeability, and slope 
affect on soil water content during putting green drainage. Crop Sci. 43:985-994. 
Schmid, C.J., R.E. Gaussoin, R.C. Shearman, M. Mamo, and S.C. Wortmann. 2014a. 
Cultivation effects on organic matter concentration and infiltration rates of two 




Schmid, C.J., R.E. Gaussoin, and S.A. Gaussoin. 2014b. Organic matter concentration of 
creeping bentgrass putting greens in the continental US and resident management 
impact. Appl. Turf. Sci. 11. 
Schoeneberger, P.J., D.A. Wysocki, E.C. Benham, and Soil Survey Staff. 2012. Field 
book for describing and sampling soils, Version 3.0. Natural Resources 
Conservation Service. National Soil Survey Center, Lincoln, NE.  
Scott, J. 1986. The black plague. Golf Course Manage. 54:58-64. 
Shaddox, T. 2004. Investigation of soil amendments for use in golf course putting green 
construction. University of Florida.  
Shi, W., D. Bowman, and T. Rufty. 2007. Soil microbial community composition and 
function in turfgrass ecosystems. Biorem. Biodiv. Bioavail. 1:72-77. 
Shi, W., H. Yao, and D. Bowman. 2006. Soil microbial biomass, activity, and nitrogen 
transformations in a turfgrass chronosequence. Soil Biol. Biochem. 38:311-319. 
Soil Survey Staff. 2010. Keys to Soil Taxonomy, 11th ed. USDA, National Resources 
Conservation Service, National Soil Survey Center. Lincoln, NE. 
Steinke, K., J.C. Stier, W.R. Kussow, and A. Thompson. 2007. Prairie and turf buffer 
strips for controlling runoff from paved surfaces. J. Environ. Qual. 36:426-439. 
Stier, J.C., B.P. Horgan, and S.A. Bonos. 2013. Turfgrass ecology. In: Turfgrass: 
Biology, use, and management. 56:347-381. 
U.S. Golf Association. 2018. USGA Recommendations for a Method of Putting Green 




23 Aug. 2021)). 
USGA Green Section Staff. 1994. Topdressing sand. USGA Green Section Record. 33.  
Taylor, D., C. Williams, and S. Nelson. 1997. Water retention in root-zone soil mixtures 
of layered profiles used for sports turf. HortScience 32:82-85. 
van der Heijden, M.G.A., R.D. Bardgett, and N.M. van Straalen. 2008. The unseen 
majority: Soil microbes as drivers of plan diversity and productivity in terrestrial 
ecosystems. Ecol. Lett. 11:296-310.  
Waltz, F.C., V.L. Quisenberry, and L.B. McCarty. 2003. Physical and hydraulic 
properties of rootzone mixes amended with inorganics for golf putting greens. 
Agron. J. 95:395-404. 
Weindorf, D., N. Bakr, Y. Zhu, B. Haggard, S. Johnson, and J. Daigle. 2010. 
Characterization of placic horizons in ironstone soils of Louisiana, USA. 
Pedosphere. 20:409–418. 
Wu, S.P., and Z.S. Chen. 2005. Characteristics and genesis of Inceptisols with placic 
horizons in the subalpine forest soils of Taiwan. Geoderma. 125:331–341. 
Yaalon, D.H., and B. Yaron. 1966. Framework for man-made soil changes—an outline of 
metapedogenesis. Soil Sci. 102:272–277. 
Yao, H., D. Bowman, and W. Shi. 2006. Soil microbial community structure and 
diversity in a turfgrass chronosequence: Land-use change versus turfgrass 
management. Appl. Soil Ecol. 34:209-218. 
30 
 
Ye, R., A.L. Wright, K. Inglett, Y. Wang, A.V. Ogram, and K.R. Ready. 2009. Land-use 
effects on soil nutrient cycling and microbial community dynamics in the 





Table 1. USGA particle size recommendations for putting green root zone mixes (U.S. 
Golf Association, 2018). 
Name Particle Diameter Recommendation 
 mm 
proportion of mix by 
weight 
Fine Gravel 2.0-3.4 ≤ 3% fine gravel; ≤ 10% 
total from 1.0-3.4 mm Very Coarse Sand 1.0-2.0 
Coarse Sand 0.5-1.0 ≥ 60% from 0.25-1.0 
Medium Sand 0.25-0.50 
Fine Sand 0.15-0.25 ≤ 20% 
Very Fine Sand 0.05-0.15 ≤ 5% 
Silt 0.002-0.05 ≤ 5% 
Clay <0.002 ≤ 3% 




Table 2. USGA recommendations for physical properties of putting green root zone 
mixes (U.S. Golf Association, 2018). 
Physical Property Recommended Range 
Total Porosity 35-55% 
Air-filled Porosity 15-30% 
Capillary Porosity 15-25% 
Saturated Hydraulic 




Table 3. USGA size recommendations for gravel if a 5 to 10 cm intermediate layer is 
used between the sand root zone and gravel drainage layer (U.S. Golf Association, 2018).  
Material Description 
Gravel 
≤ 10% larger than 12.7 mm 
≥65% between 6.4 mm and 9.5 mm 
≤ 10% smaller than 2 mm 




Table 4. USGA size recommendations for gravel (U.S. Golf Association, 2018). The 
symbol DX indicates the diameter below which X% of the particles fall.  
Performance Factor Recommendation 
Bridging D15gravel  ≤ 8 * D85root zone 
Permeability D15gravel ≥ 5 * D15root zone 
Uniformity 
D90gravel / D15gravel ≤ 3.0 
All particles < 12 mm 
No more than 10% ≤ 2 mm 




































































































































































































































































































































































































































































































































































































































































































































































































































Figure 1. Pedogenesis of engineered sand putting green soils of golf courses. All soils 
begin with the establishment of 0 horizons (grass) after construction. Within the first 
year, a thin A horizon develops as organic matter accumulates. Over the next 5-10+ 
years, the soils develop thicker A horizons, and may develop placic (Bs) horizons or 
lamellae if site conditions are conducive.  
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CHAPTER 2: GENESIS OF CLAY LAMELLAE IN GOLF COURSE SOILS OF 
MISSISSIPPI, USA 
This chapter published in: Obear, G.R., M. Pedersen, and W.C. Kreuser. 2017. Genesis of 
clay lamellae in golf course soils of Mississippi, USA. Catena. 150:62-70.  
Abstract 
Clay lamellae have been observed in the sand putting green soils of a golf course 
in Mississippi, USA. These lamellae result in reduced water infiltration, saturated soils, 
and a decline in turfgrass density. The soils featured an A horizon of 4 to 5 cm, mixed 
A/C horizons of approximately 10 cm, and C horizons of about 30 cm over gravel. The 
soils were constructed in 2005 with 90% (quartz) sand and 10% (by volume) sand-sized 
calcined clay over 10 cm of gravel, which was constructed on a subgrade of compacted 
native soil. Clay lamellae were commonly observed at the interface of sand and gravel, 
with the exception of a soil profile directly above a drain pipe. Clay contents in the 
lamellae ranged from 0.10 to 3.8 percent. We proposed three hypotheses to explain the 
formation of these lamellae: 1) clay was present in the sand as a construction contaminant 
and subsequently moved downward, 2) clay originated from the breakdown and 
subsequent translocation of a calcined soil amendment that was used to construct the 
soils, or 3) clay from the underlying compacted subgrade moved upwards through the 
gravel and into the sand. In each hypothesis, clay accumulated at the boundary of sand 
and gravel due to preferential retention of water in the sand above the gravel. X-ray 
diffraction showed that the lamellae contained kaolinite and quartz, whereas the calcined 
soil amendment contained illite and no kaolinite. The underlying subgrade soil contained 
kaolinite, quartz, and hydroxy-interlayered vermiculite. Discriminant analysis of X-ray 
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fluorescence spectra showed that the clay fractions of these three different samples had 
unique chemical fingerprints. These findings suggest that the lamellae did not likely 
originate from the calcined soil amendment or the subgrade soil. We propose that they 
originated from clay that was initially present in the sand, which was translocated 
downwards. This study provides evidence for formation of lamellae in less than 10 years 
and provides an example of accelerated soil formation due to anthropogenic factors. 
Introduction 
Urban and anthropogenic soils are characterized by alteration and disturbance 
from human activities. The distribution of human-influenced soils can be approximated 
by the distribution of global population (Capra et al., 2015). An estimated 3% of the 
world’s land area is considered urbanized (Liu et al., 2014). There has been an increased 
research focus on urban soils, with most research focusing on pollution and 
contamination (e.g., Li et al., 2013; Luo et al., 2015). There have been numerous studies 
describing or modelling pedogenesis in urban and anthropogenic soils (Huot et al., 2013; 
Leguédois et al., 2016; Scalenghe and Ferraris, 2009; Séré et al., 2010).  
Turfgrass is one of the largest irrigated crops in the USA on the basis of land area, 
and most turfgrass is found in densely populated areas (Milesi et al., 2005). Turfgrass 
soils have altered topography and receive inputs including water, fertilizer, and various 
amendments such as calcined clay and peat to improve water- and nutrient-holding 
capacity. There are over 16,000 golf courses (Beard, 2002) in the USA, and these cover a 
land area of approximately 4,850 km2 (Throssell et al., 2009). The soils of golf course 
putting greens are engineered and constructed with materials that were excavated, 
transported, and repositioned across the landscape. Many putting green soil profiles are 
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constructed with a 30 cm layer of sand over 10 cm of gravel (e.g. U.S. Golf Association, 
2004). Sand is a favorable soil medium because it drains quickly and is not easily 
compacted. The gravel layer creates a hanging water column to improve water retention 
in the soil between rainfall or irrigation events (Prettyman and McCoy, 2003; Taylor et 
al., 1997). Few pedological investigations have been conducted on constructed golf 
putting green soils, despite their extent and economic importance.  
In 2013, we visited a golf course in Vancleave, Mississippi where the turfgrass on 
putting greens was thinning and the soil was waterlogged, and thin lamellae had 
accumulated at the boundary of sand and gravel. This appeared comparable to previous 
observations of iron-cemented layers that occurred at textural boundaries in putting green 
soils (Obear et al., 2014). The objective of the present study was to explain the genesis of 
clay lamellae occurring in soil profiles from a putting green of this Mississippi golf 
course based on the distribution of clay, SOC, Fe, and pH by depth and determine how 
these properties were affected by topography. From these observations, we formulated 
and tested hypotheses to explain the formation of clay lamellae in putting green soils. 
Materials and Methods 
Site characteristics 
Samples were collected from a putting green at The Preserve Golf Course in 
Vancleave, MS, USA. Mean annual precipitation from January 2004 to January 2014 in 
this area was 1,332 mm, mean annual ET was estimated to be 1270 mm. During this 
same period, the mean monthly air temperature ranged from 5 °C to 34 °C (NCDC, 
2016). The putting green soils at this site were constructed in 2005 based on the 
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recommendations of the United States Golf Association (2004), featuring a 30 cm layer 
of primarily medium quartz sand over a layer of gravel, above a compacted subgrade 
comprised of the soil from the site. In the subgrade, the A horizon was removed during 
construction, and the B horizon was graded and sloped to direct water to a drain pipe 
system which was installed in a 10 cm-deep gravel-filled trench. The native subsoil was a 
Smithton loam (Coarse-loamy, siliceous, semiactive, thermic Typic Paleaquults) (Soil 
Survey Staff, Natural Resource Conservation Service, United States Department of 
Agriculture). The sand had a quartz mineralogy and was sourced from a pit in Perkinston, 
MS (Perkinston Sand and Gravel Co, Perkinston, MS, USA). The sand was amended 
with a 1.0 to 2.4 mm diameter calcined material manufactured from kiln-fired silica, 
montmorillonite, and illite (Profile Products LLC, Buffalo Grove, IL) during construction 
at a ratio of 10% by volume. The amendment was used to improve soil water-holding 
capacity and cation exchange capacity. The turfgrass on the putting green was 
bermudagrass, Cynodon dactylon x transvaalensis. 
Soil sampling and analysis 
Four soil pits (profile 1 to 4) were excavated across an elevation transect, and a 
total station instrument (Sokkia Set 6F, Atsugi, Japan) was used to measure the relative 
surface elevation of each pit. In each soil pit, horizons were delineated based on visual 
characteristics, and we characterized the wet and dry color (Munsell), cementation, and 
dry consistency of each horizon. Horizons were named according to the Field Book for 
Describing and Sampling Soils (Schoeneberger et al., 2012). Volumetric water content 
was measured in the center of each horizon with a FieldScout TDR 200 time-domain 
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reflectometry probe (Spectrum Technologies, Aurora, IL). Soil samples were collected 
from each horizon for further analysis in the laboratory. 
 Air dried soil samples were analyzed in triplicate for free Fe-oxide (FeD) by 
extraction with citrate-dithionite (Loeppert and Inskeep, 1996). Iron was determined 
colorimetrically by the FerroZine method (Stookey, 1970) with a GENESYS 20 (Thermo 
Scientific, Waltham, MA) UV-Vis spectrophotometer, which measured absorbance at 
562 nm. Soil samples were also analyzed with four replicate scans for total Fe (Fet), Mn 
(Mnt), and Al (Alt) with a Niton XL3tGOLDD handheld XRF analyzer (Thermo 
Scientific, Waltham, MA), which was calibrated with NIST standards. Soil pH (1:5 in 
deionized water) was measured for each horizon, and clay content (<2 µm fraction) was 
determined by the micro-pipette method with and without removal of Fe-oxides by 
citrate-dithionite (Miller and Miller, 1987). Sand fractions were characterized by 
weighing fractions wet-sieved through 2, 0.5, 0.25, 0.125, and 0.065 mm mesh, and silt 
(between 2 µm and 0.065 mm) was calculated as the difference between sand and clay. 
Total soil carbon and nitrogen was measured in triplicate with a Flash2000 Carbon and 
Nitrogen Analyzer (Thermo Scientific, Waltham, MA). 
Mineralogical analysis 
Mineralogical analysis was conducted on samples from the lamella of Profile 4, 
the subgrade beneath profile 4, and the calcined clay soil amendment. The mineralogy of 
clay-sized fractions (<2µm) was characterized by X-ray diffraction (XRD) using an 
Empyrean diffractometer equipped with a 3 kW copper lamp and theta-theta goniometer, 
a PIXcel 2D detector, and a spinning stage (PANalytical, Westborough, MA). The 
divergence slit was 1/16°, the input antiscatter slit was 1/8°, and the detector antiscatter 
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slit was 5.7 mm. Samples were saturated in 35.7 g L-1 sodium hexametaphosphate and 
shaken for 15 h. Stoke’s law was used to calculate the amount of time required for 
particles less than 2 µm to settle to a depth of 2.5 cm, and a micropipette was used to 
collect the solution and suspended particles at this depth and calculated time point. These 
samples were pipetted onto 0.2 µm nylon membrane filters in Buchner funnels under 
vacuum to orient clay particles. For each sample location (lamella, subgrade, or calcined 
clay amendment), samples were prepared in duplicate and washed with either 0.5 M 
MgCl2 or 1 M KCl (Whittig and Allardice, 1986). While samples were still moist, they 
were transferred onto circular glass slides (Technical Glass Products, Painesville, Ohio) 
using a handheld rubber roller. Samples treated with Mg were allowed to air-dry, and 
samples treated with K were dried for 2 h at 300 °C. These samples were analyzed via 
XRD, and then subjected to further treatment. Mg-treated slides were misted with a 1:7 
solution of glycerol and water, and K-treated samples were oven-dried for 2 h at 500 °C. 
These samples were analyzed by XRD within 24 h of treatment.  
 The clay fraction from the lamella of Profile 4, the subgrade beneath Profile 4, 
and the calcined clay amendment were also analyzed by XRF. Clay samples were 
collected using the micropipette method as previously described, and these samples were 
oven-dried at 50 °C. After drying, 0.05 g of each sample was mounted between two 
pieces of clear tape (Scotch, 3M, St. Paul, MN) and analyzed directly by XRF for Fe, Mn, 
Al, Si, S, Ca, K, P, Cl, Sc, Ti, V, Cr, Cu, Zn, As, Rb, Sr, Zr, Nb, Mo, W, and Pb. The tape 
mounts were replicated six times for each sample and three independent XRF scans were 




Regression analysis was conducted and correlation coefficients were calculated 
between % clay (no Fe removal) and FeD, and between % clay (no Fe removal) and % 
clay (Fe removed). Discriminant analysis (DA) was used to compare XRF data from the 
lamella, subgrade, and calcined clay amendment from profile 4. Initially, DA was 
performed on the entire XRF dataset with 18 replications per sample and 12,000 variables 
representing each energy level of the XRF scan. The R (version 3.2.3) package 
‘HiDimDA’ was used for the whole-scan analysis. DA was then performed on the same 
sample subset using the lda function from the ‘MASS’ package in R on the following 
covariates: total Fe, Mn, Al, Si, S, Ca, K, P, Cl, Sc, Ti, V, Cr, Cu, Zn, As, Rb, Sr, Zr, Nb, 
Mo, W, and Pb. DA figures were constructed using the R package ‘ggplot2’. Finally, 
among soil horizons for a given profile, analysis of variance (ANOVA) was used to 
determine whether there were differences in Fet, Mnt, and Alt as measured by XRF. The 
Student’s t test was used to separate means at the α=0.05 level. 
Results 
Soil profile characteristics 
Profiles 1 through 4 spanned a horizontal distance of 21.6 m and an elevation 
difference of just over 1 m (Figure 2). Each profile had a topsoil (A horizon) of 4 to 5 cm, 
a mixed A/C horizon of 10 cm, and a C horizon of about 30 cm above a 10 cm layer of 
gravel (Table 6). The profiles were constructed on a clay loam subsoil, which was 
intentionally compacted during construction. Profiles 1, 2, and 4 had thin clay lamellae 
(7.5YR 5/8 to 6/8) at the interface of sand and gravel (Figure 3A). Profile 3 was located 
above a drain pipe and did not have a lamella. The clay lamellae had a slightly hard 
consistency and were extremely weakly cemented, whereas the A and C horizons had a 
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loose consistency and were not cemented. The mixed A/C horizons were turbated by 
aeration (mechanical removal of soil via hollow metal tines) and backfilling of holes with 
sand, which was from the same source as the existing soil (Atkinson et al., 2012; Schmid 
et al., 2014). Mottles (7.5 YR 6/8) surrounded the borders of these sand-filled channels 
(Figure 3B). The combined depths of the A, A/C, and C horizons ranged from 34 to 41 
cm, which is different from the specified 30 cm soil depth in the USGA construction 
recommendations. These differences could be attributed either to deviations from the 
recommendations during construction, or the addition of quartz sand which was 
periodically applied to the soil surface.  
Soil physical and chemical properties 
Profiles 1, 2, and 4 had accumulations of clay and silt just above the gravel layer, 
and clay content increased as elevation decreased (Table 7, Figure 4). The gravel layers 
contained less than 0.01% clay and 0.00 to 0.65% silt. FeD was greatest in the lamellae in 
profiles 1, 2, and 4, and FeD increased with decreasing elevation (Table 8). Iron and clay 
(no Fe-removal) were positively correlated (p<0.001, r2=0.80, Figure 4), so clay content 
was re-analyzed on a subset of samples where Fe-oxides were removed by sodium 
dithionite extraction. Removal of Fe-oxides resulted in greater total clay content overall, 
but the relative distribution of clay by depth was roughly the same with and without 
removal of Fe (Figure 4), and the amount of clay measured with and without Fe 
extraction were correlated (p<0.001, r2=0.68, Figure 5) 
On the date of soil sampling, volumetric water content increased with depth, and 
the profiles lower in the topographic transect were wetter (Table 6). Soil pH was neutral 
or slightly acidic throughout most of the profiles (Table 8). In all four profiles, pH was 
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lower at the surface, increased in the horizon below, and then decreased again with depth. 
This was at the depth of aeration, so it is possible that materials with higher pH (e.g., lime 
or calcareous topdressing sand) have been incorporated to this depth. Organic C was 
greatest at the surface and decreased with depth. There was no evidence of organic C 
illuviation or dissolution and re-precipitation; the clay lamellae did not contain more 
organic C than horizons above. There were no significant differences in Fet among 
horizons within the profiles, but there was significantly more Mnt in the topsoil for all 
four profiles. The lamellae in soil profiles 1, 2, and 4 generally contained more Alt than 
the horizons above, consistent with the presence of clay. 
Mineral composition of the clay fraction 
The clay fraction of the clay lamellae produced XRD peaks at 7.29 and 3.60 Å 
(Figure 6). These peaks disappeared in the K-treated sample that was heated to 500 °C, 
suggesting that the clay fraction contained kaolinite (Hughes et al., 1994; Karathanasis 
and Harris, 1994; Whittig and Allardice, 1986). There was a weak mica or illite peak at 
10.24 Å, a peak 3.47 Å that could be attributed to quartz, and another peak at 4.22 Å that 
could be attributed to quartz, or goethite based on its broad width. The clay fraction of the 
underlying soil subgrade was comparable to the clay lamella as it had a kaolinite peak at 
7.23 and 3.60 Å and a quartz peak at 3.46 Å, and it also had a goethite peak at 4.19 Å. 
This sample also had a peak at 14.62 Å in the Mg-treated sample and 13.32 Å in the K-
treated sample. This peak shifted to 11.74 Å upon heating to 500 °C, suggesting that 
hydroxy-interlayered vermiculite was present. The clay from the underlying subgrade 
also had a peak at 10 Å, indicating that mica was present. The calcined clay amendment 
is manufactured from kiln-fired silica, montmorillonite, and illite. The XRD data show 
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peaks for this sample at 10.24 Å, suggesting mica or illite mineralogy, a peak at  3.37 Å, 
which could be attributed to quartz, and a cristobalite peak at 4.15 Å. However, the 
process of kiln-firing during production alters the physical properties of the clay prior to 
treatment of the samples for XRD, and this may affect the interpretation of the X-ray 
patterns. 
Discussion 
Genesis of clay lamellae 
Clay lamellae have not been previously described in soils of golf course putting 
greens. Layers meeting the criteria of the placic horizon were described by Obear et al. 
(2014), where irrigation and precipitation translocated iron downwards until it reached 
the interface of sand and gravel. The textural boundary at this interface resulted in the 
preferential retention of water in the sand above, creating a boundary of wet soil over dry 
soil. The authors suggested that the application of iron fertilizer may provide enough Fe 
to form the placic horizons. In the present study, clay is the primary cementing or 
indurating agent. These clay-enriched horizons are distinct from the placic horizons as 
they do not contain Mn or SOC. Furthermore, the enrichment of clay was evident after 
removal of pedogenic Fe-oxides, indicating that these were clay layers and not iron-
cemented layers although iron was still present. The measured clay contents were greater 
after removal of Fe-oxides, indicating that Fe may have been coating and aggregating 
clay into larger-sized particles, resulting in an underestimate of the true clay content. 
Clay lamellae are often associated with iron oxides (Bockeim and Hartemink, 2013). It is 
unclear how this Fe coating would affect porosity and drainage in putting green soils. The 
Fe appeared to be preventing complete dispersion of clay, but also could have acted to 
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further cement particles together in the horizon. We did not measure hydraulic 
conductivity in the field, but future investigations should quantify how clay and Fe 
interact to affect soil physical properties. 
We propose three potential hypotheses on the origin of the lamellae: 1) clay was 
present in the sand and translocated downward via precipitation and irrigation, 2) clay 
originated from the breakdown and subsequent translocation of the calcined soil 
amendment that was used to construct the soils, or 3) clay from the underlying compacted 
subgrade moved upwards through the gravel and into the sand, where it accumulated 
(Figure 7). Hypothesis 3 would require clay to be suspended in soil solution and travel 
upwards through the 10 cm gravel layer to reach the sand. While this seems unlikely, 
observations by Ibrahim et al. (2015) showed that clay can move upwards through sand 
via capillary rise and form lamellae in just 6 to 22 days. In each hypothesis, clay 
accumulated at the interface of sand and gravel due to preferential retention of water in 
the sand above the gravel 
 Multivariate analysis of XRF elemental data has been successfully used to 
differentiate or group soil materials (e.g., Hiraoka, 1994; Li and Feng, 2012; Qishlaqi et 
al., 2009; Weindorf et al., 2012, 2015). To investigate the hypotheses described in Figure 
7, we compared X-ray fluorescence spectra (i.e., fingerprints) of clay fractions from the 
lamellae, the underlying subgrade soil, and the calcined clay soil amendment of Profile 4. 
Discriminant analysis of the raw spectra as well as the elemental data (calculated from 
the raw spectra with reference to calibration standards) are shown in Figure 8. The 
replicated scans for a given sample grouped together tightly, showing that the variability 
among mounts and scans was relatively low. The analysis showed that the three samples 
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separated into distinct classes, indicating that the clay lamellae did not have a similar 
XRF fingerprint to the underlying subgrade or the calcined clay amendment. The 
elemental data provided tighter groupings than comparison of raw spectra. This was 
likely due to limitations of using fewer variables than observations and the selection of 
only a relative few optimal variables for analysis of the raw spectral data.  
Similarly, XRD data show that the clay fractions of the three materials are unique. 
The lamellae did not originate from the calcined clay amendment due to the presence of 
kaolinite, which was absent in the kiln-fired material. The clay lamellae did not have 
peaks associated with hydroxy-interlayered vermiculite, which was present in the 
underlying subgrade soil. However, both samples contained kaolinite. It is possible that 
the different clay minerals behaved differently in their movement. If hypothesis 3 was 
correct, kaolinite would have moved upwards, but not vermiculite. Vermiculite has a 
moderate tendency to shrink and swell based on its 2:1 structure, and may be more 
susceptible to dispersion than 1:1 kaolinite, which does not shrink or swell (Frenkel et al., 
1978). Furthermore, putting greens with sand over gravel are often constructed on 
compacted subsoils, yet this is the first account of lamellae forming in these soils, so the 
upward movement of clay does not seem likely. Based on comparisons of XRF and XRD 
spectra, there is a lack of evidence for hypotheses two and three. The clay that formed 
these lamellae may have been present at the time of construction (Hypothesis 1). We 
can’t rule out neoformation or eolian clay deposition, but these are unlikely to have been 
a major source based on the young age of these soils. Sediment in the irrigation water 
could also contribute to lamellae formation, but we did not find sediment in the irrigation 
water of this site.  
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We propose that the clay in these lamellae was translocated downwards, not 
upwards. Clay lamellae have been well-documented in natural soils, where clay 
precipitates and bridges sand grains at the boundaries of wetting fronts in sandy soils 
(Torrent et al., 1980; Schaetzl, 1992; Rawling, 2000; Bockheim and Hartemink, 2013) 
and influences water movement across landscapes (Gile, 1979). Clay suspended in soil 
pore water accumulates at pore discontinuities (Bond, 1986), and the clay precipitates as 
the soil dries in thin lamellae (Gile, 1979, Gray et al., 1976) or thicker layers referred to 
as “Beta” B horizons (Bartelli and Odell, 1960a, 1960b). Clay may also flocculate and 
form lamellae in the presence of Fe at depth (Miles and Franzmeier, 1981). 
Micromorphological observations would help confirm whether argilluviation was the 
mechanism responsible for the formation of these lamellae. We did not collect 
undisturbed samples for micromorphological analysis, but future investigations of these 
lamellae would benefit from this analysis. 
The data from this study provided some evidence for lateral movement of clay 
from areas of higher to lower elevation (lateral flow). Clay content increased as the 
elevation of the soil decreased, and this was closely mirrored by volumetric water content 
estimates recorded at the time of sampling. This suggests that the clay is moving with 
water and accumulating in lower topographic areas of the putting green. The exception 
was Profile 3, which was located at a lower elevation than Profiles 1 and 2 but lacked 
clay lamellae (partially the basis for Hypothesis 3). Profile 3 was located directly above a 
drain pipe, and it is possible that this resulted in a greater rate of lateral and vertical water 
movement through the soil in this profile, preventing clay from accumulating at the 
interface of sand and gravel.  
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Clay lamellae may form very rapidly. Bond (1986) formed lamellae in a 
laboratory setting in 16 h by leaching deionized water at a rate of 3.2 mm h-1 through a 
soil containing 71% fine sand, 1.3% silt, and 0.7% clay. The soils in this study were built 
according to recommendations of the U.S. Golf Association (2004), which allow for as 
much as 3% clay in the soil, over four times the levels in Bond’s 1986 study. While this 
clay is initially homogenous when the soil is constructed, it can be translocated 
downwards by precipitation and irrigation and deposited in thin bands where water is 
preferentially retained above the gravel layer, and this may happen rapidly. The 
constructed soils in this study were approximately 9 years old at the time of sampling, 
and the drainage problems caused by the clay lamellae were so severe that the putting 
greens were entirely rebuilt in 2014.  
This study provides insight into the time required for formation of lamellae and B 
horizons. Other researchers have suggested that lamellae may form rapidly provided the 
conditions are conducive. This research topic provides a unique opportunity for 
experimental pedology, where future studies could track the movement of clay under 
controlled conditions to determine exactly when and where lamellae form. Putting green 
soils constructed following the recommendations of the U.S. Golf Association (2004) 
may contain up to 3% clay, but lamellae may form in soils with lower clay contents. 
Future studies should quantify how much clay is necessary to form lamellae. Irrigation 
water quality could also influence the rate of clay dispersion, especially if 2:1 clays were 
exposed to sodic water. Future studies should examine the interaction of clay mineralogy 
and water chemistry on the translocation and deposition of clay in irrigated soils. This 
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work could improve practical recommendations for root zone construction, water 
management, and prevention of restrictive layer formation. 
Soil classification 
Soil Taxonomy (Soil Survey Staff, 1999) defines lamellae as illuvial horizons less 
than 7.5 cm in thickness containing clay which bridges sand and silt grains 
(Schoeneberger et al., 2012). Lamellae must contain more clay than the overlaying 
eluvial horizon, they must form in soils more than 50 cm thick, and they typically have a 
hard dry consistency. The layers described in this study formed in a soil only 45 to 48 cm 
deep and had a slightly hard consistency, but otherwise meet the qualifications of 
lamellae. Lamellae may also meet the requirements for cambic or argillic horizons if they 
occur in a vertical series of two or more spanning a depth of greater than 15 cm; the 
layers in this study would not meet this requirement. Bockheim and Hartemink (2013) 
reported that soils with lamellae in the USA cover approximately 3.6 million ha, and are 
found in Alfisols, Ultisols, Mollisols, Entisols, Inceptisols, and Spodosols. The authors 
also found that lamellae occur in soils with a sandy or sandy-skeletal textural class. 
Putting green soils lack cambic horizons and are classified as Psamments (>97% sand). 
However, the presence of lamellae could classify these soils as Inceptisols.  
 In the World Reference Base for Soil Resources (WRB), lamellae are classified as 
being between 0.5 and 7.5 cm in thickness, but soils horizons are only designated as 
lamellic if they contain two or more lamellae within 100 cm of the soil surface which 
span a thickness of at least 5 cm (IUSS Working Group WRB, 2006). The layers in this 
study qualify as lamellae, but may not meet the criteria of true soil horizons. The lamellic 
suffix qualifier is recognized for Podzols, Umbrisols, Acrisols, Lixisols, Alisols, 
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Luvisols, Arenosols, and Regosols. The soils of putting greens may qualify as 
Technosols, or soils influenced or dominated by human activities, although they don’t 
contain artefacts.   
Conclusions 
In this paper we have provided the first description of clay lamellae formation in 
the soils of golf course putting greens. These horizons were enriched with clay that 
accumulated at a textural boundary in the soil profiles. Our evidence suggests that the 
clay did not originate from the breakdown of a calcined clay amendment that was used to 
construct the soils, and it is unlikely that it came from the underlying subgrade soil. We 
propose that the clay was most likely present in the sand at the time of construction. 
Irrigation and precipitation likely translocated the clay downwards where it accumulated 
at the textural boundary of sand and gravel. At this depth, clay likely bridged  pores in the 
sand and resulted in a slightly hard lamella that may have been further cemented by Fe 
coatings on clay particles, although micromorphological observations are required to 
prove this. The site in this study was only 9 years old, indicating that clay lamellae can 
form at textural boundaries on short time scales, provided that enough clay is present and 
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Table 6. Soil profile descriptions, clay, and volumetric water content for the studied soils.  




     
% 
 A 0-5.1 2.5 YR 7/2 2.5 YR 5/2 - L NC 8.1 
 
A/C 5.1-12.7 7.5 YR 8/2 7.5 YR 7/4 Mottles2 7.5 YR 6/8 L NC 9.0 
 
C 12.7-36.8 7.5 YR 8/4 7.5 YR 6/4 - L NC 12.5 
 
Lamella 36.8-38.1 7.5 YR 8/6 7.5 YR 6/8 - SH EW 22.3 
 
Gravel 38.1-48.3 
   
L NC 2.7 
2 A 0-3.8 2.5 YR 8/2 2.5 YR 6/4 - L NC 8.5 
 
A/C 3.8-12.1 7.5 YR 8/4 7.5 YR 5/4 Mottles2 7.5 YR 6/8 L NC 9.0 
 
C 12.1-30.5 7.5 YR 8/4 7.5 YR 6/6 - L NC 12.5 
 
Lamella 30.5-34.3 7.5 YR 8/6 7.5 YR 5/8 - L EW 16.0 
 
Gravel 34.3-44.5 
   
L NC 2.7 
3 A 0-3.8 2.5 YR 6/2 2.5 YR 5/2 - L NC 10.5 
 
A/C 3.8-10.2 7.5 YR 8/2 7.5 YR 5/4 Mottles2 7.5 YR 6/8 L NC 8.5 
 
C1 10.2-14.6 7.5 YR 8/4 7.5 YR 5/6 Mottles 7.5 YR 6/8 L NC 8.5 
 
C213 14.6-38.7 7.5 YR 8/4 7.5 YR 6/6 - L NC 17.9 
 
C223 38.7-41.3 7.5 YR 8/4 7.5 YR 6/6 - L NC 29.7 
 
Gravel 41.3-48.3 
   
L NC 3.6 
4 A 0-4.4 2.5 YR 6/2 2.5 YR 5/2 - L NC 11.5 
 
A/C 4.4-10.2 7.5 YR 8/2 7.5 YR 5/4 Mottles2 7.5 YR 6/8 L NC 9.0 
 
C1 10.2-24.8 7.5 YR 8/4 7.5 YR 6/4 - L NC 9.0 
 
C2 24.8-35.6 7.5 YR 8/4 7.5 YR 6/6 - L NC 26.7 
 
Lamella 35.6-39.4 7.5 YR 8/6 7.5 YR 6/8 - SH EW 30.6 
  Gravel 39.4-47.0       L NC 3.6 
1 Volumetric water content measured on the date of sampling 
2 Mottles surrounded channels of sand that were introduced during core aeration events 
3 Despite a lack of visual horizonation, the bottom 2.6 cm of the profile was sampled to confirm 
the absence of a lamella. 
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Table 7. Particle size distribution for the studied soils. 
  ------------------------------ Sand1 ------------------------------    
Profile Horizon 2 mm 0.5 mm 0.25 mm 0.125 mm 0.065 mm Silt2 Clay3 Clay4 
  
---------------------------------------------- %  ---------------------------------------------- 
1 A 0.57 13.49 58.25 23.30 2.80 1.43 0.15 1.63 
 A/C 1.31 10.63 59.26 23.57 2.92 1.93 0.38 1.70 
 C 1.59 16.60 60.88 17.94 1.70 0.74 0.56 1.79 
 Lamella 0.79 18.74 58.90 17.75 1.52 1.06 1.24 2.72 
 Gravel 99.71 0.19 0.02 0.03 0.00 0.00 0.05 ND 
2 A 1.26 14.55 56.93 21.41 3.40 2.22 0.23 1.97 
 A/C 3.07 13.41 57.60 20.14 2.91 2.50 0.39 2.29 
 C 0.48 13.29 59.95 21.45 2.62 1.66 0.56 2.88 
 Lamella 0.27 15.46 58.89 20.10 2.47 0.74 2.06 3.78 
 Gravel 99.54 0.17 0.01 0.02 0.02 0.23 0.04 ND 
3 A 0.00 17.14 49.78 18.26 2.12 12.56 0.14 1.60 
 A/C 0.44 14.12 55.20 19.37 2.50 8.02 0.35 1.98 
 C1 0.65 14.24 60.49 18.10 2.23 3.69 0.60 2.26 
 C2a 0.79 11.88 58.90 22.96 3.00 1.84 0.64 1.73 
 C2b 0.14 13.68 61.94 20.07 2.07 1.42 0.67 1.68 
 Gravel 99.81 0.04 0.04 0.03 0.01 0.06 0.02 ND 
4 A 0.42 19.36 58.91 17.21 1.45 2.46 0.19 1.48 
 A/C 0.57 15.80 57.90 19.60 2.93 2.83 0.37 1.49 
 C1 0.83 15.91 60.37 19.03 1.71 1.28 0.41 1.04 
 C2 0.11 13.85 61.19 20.65 2.13 1.10 0.55 1.46 
 Lamella 1.03 15.58 58.96 18.11 1.41 2.14 2.32 3.34 
  Gravel 98.70 0.50 0.10 0.04 0.00 0.65 0.06 ND 
1 Sand particle sizes refer to mesh sizes used during the sieving process. For example, a 0.05 mm 
sieve fraction contains particles >0.05 mm but less than 2 mm in size. 
2 Particles between 2 and 65 µm in diameter 
3 Particles less than 2 µm in diameter; No pre-treatment 




Table 8. Chemical properties of the studied soils. 
Profile Horizon Soil pH SOC FeD Fet1 Mnt1 Alt1 
  
 --------------------- g kg-1 soil --------------------- 
1 A 7.1 8.37 1.08 2.44 0.24a 0.83b 
 
A/C 7.8 1.18 1.05 3.77 0.04b 1.05b 
 
C 7.3 0.16 1.02 2.86 0.00c 1.11ab 
 
Lamella 7.1 0.16 1.13 4.69 0.01c 1.81a 
 
Gravel       
2 A 6.9 9.24 0.98 3.16 0.28a 0.85b 
 
A/C 7.0 1.30 1.19 4.11 0.02b 0.90b 
 
C 7.0 0.13 1.05 3.36 0.00b 1.25b 
 
Lamella 7.0 0.28 1.51 3.60 0.00b 5.13a 
 
Gravel       
3 A 6.9 13.5 0.75 2.85 0.76a 1.67b 
 
A/C 7.3 2.17 0.98 3.08 0.07b 1.00c 
 
C1 7.2 0.65 1.20 2.25 0.00b 2.55a 
 
C21 6.9 0.17 1.11 2.61 0.00b 2.68a 
 
C22 6.9 0.16 1.00 3.11 0.00b 2.62a 
 
Gravel       
4 A 6.8 10.25 0.80 2.26 0.43a 1.47d 
 
A/C 7.1 2.32 0.97 3.10 0.08b 2.44bc 
 
C1 7.0 0.70 1.02 2.90 0.00b 2.09cd 
 
C2 6.9 0.27 1.10 3.67 0.00b 2.78b 
 
Lamella 7.0 0.24 1.70 3.41 0.00b 4.44a 
  Gravel             
For each soil profile, numbers in columns followed by different lowercase letters are significantly 
different at the α=0.05 level. 







Figure 2. Four soil profiles with horizon designations across a linear topographic transect, 
with depth and distance relative to an arbitrary reference point adjacent to the putting 






Figure 3. A) Clay lamella at the interface of sand and gravel in Profile 4. B) Mixed A/C 
horizon turbated by aeration of the turfgrass. Mottles (7.5 YR 6/8) surround aeration 






Figure 4. Clay content with and without removal of Fe-oxides for profiles 1, 2, and 4. 
Data points correspond to the relative lower boundary depth of soil horizons. Asterisks 





Figure 5. Relationship between clay content (no pre-treatment) and mean FeD content 
(p<0.001, r2=0.80, n=18), and clay content with and without removal of Fe-oxides 





Figure 6. X-ray diffractograms for the <2µm fractions of the clay lamella from Profile 4, 
the native soil subgrade beneath Profile 4, and the calcined clay that was used to amend 




Figure 7. Three hypotheses to explain the formation of clay lamellae formation in sand 





Figure 8. Discriminant analysis (DA) of X-ray fluorescence (XRF) spectra for the clay 
fraction of the lamella from Profile 4, compacted subgrade, and calcined clay 
amendment. DA was performed on the full XRF spectra (A) and on elemental analysis 
results derived from the XRF spectra (B).  
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CHAPTER 3: SAND AND GRAVEL pH AFFECT MOBILITY OF FERTILIZER-
APLIED IRON 
Abstract 
Iron-cemented layers, or placic horizons, can form at textural and pH boundaries 
in engineered golf putting green soils. The objective of this study was to study the effect 
of sand and gravel pH on the mobility of surface-applied iron in an engineered putting 
green soil. This column study used a 2x2x2 factorial design that investigated sand source 
(acidic or basic pH), gravel source (acidic or basic pH), and treatment with Fe (none or a 
simulated 14-years of treatment). At the conclusion of the study, almost all of the applied 
iron remained in the top half of columns and didn’t leach or reach the gravel interface at 
the bottom of the soil profile (30 cm depth). Iron was more mobile in low pH sand 
compared to high pH sand. The deposition of iron in the columns did not result in a 
decrease in air infiltration despite significant increases in total Fe and Fe(III) near the 
surface of columns. The results suggest that the formation of iron-cemented layers 
observed in the field is not strictly dependent on the pH and iron inputs considered in this 
study. Other factors including low redox potential (e.g., anaerobic conditions), 
complexation of Fe with organic compounds from plant roots and organic matter 
turnover, and biological oxidation of Fe(II) by soil microbes likely play an important role 
in driving the formation of iron-cemented layers in field settings. 
Introduction 
Engineered soils undergo pedogenesis according to Jenny’s soil forming factors 
(1994) – climate, relief, organisms, parent material, and time – but combine these factors 
in unnatural ways due to anthropogenic influences. The soils of golf course putting 
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greens can be engineered according to specifications that affect drainage and water-
holding capacity. The United States Golf Association (2018) created construction 
recommendations for putting greens featuring a 30 cm layer of sand over a 10 cm layer of 
gravel, resulting in a zone of preferential water retention in the sand. The construction 
specifications dictate target ranges for particle size, porosity, and hydraulic conductivity. 
These specifications result in desirable performance characteristics at the time of 
construction, but the process of soil formation changes soil properties over time, and 
studies on soil formation in engineered putting green soils are limited.  
Obear et al. (2014) described iron-cemented layers that formed at soil textural 
boundaries in putting greens built to USGA recommendations. The authors proposed that 
the layers form by 1) reduction and/or solubilization of lithogenic iron, 2) downward 
translocation of lithogenic and fertilizer-applied iron, and 3) oxidation of iron at textural 
boundaries where water is preferentially retained (e.g., sand and gravel interface), or at 
boundaries of differing soil pH. The layers meet the criteria for placic horizons (Soil 
Survey Staff, 2010), which form in Andisols, Spodosols (Bockheim, 2011), and 
Inceptisols (Weindorf et al., 2010) where iron is reduced, translocated, and re-oxidized at 
textural or pH boundaries in the soil. Soil iron solubility increases with decreasing pH 
(Gotoh and Patrick, 1974). Obear et al. (2014) reported cemented layers in soils with low 
pH sand and high pH gravel. Lapen and Wang (1999) and Wu and Chen (2005) reported 
similar findings, where mobilized Fe(II) rapidly oxidized to Fe(III) and formed placic 
horizons at high pH contacts in the soil.  
Putting green construction recommendations have traditionally focused on 
physical properties of the construction materials. The chemical properties of these soils 
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thus reflect the geochemistry of the construction materials, which are often sourced 
locally to a given construction site and may have an acidic or alkaline pH depending on 
their mineralogy. High pH limestone gravel is sometimes used in construction as a lower-
cost alternative to other mineralogy such as granite. In 2018, the USGA updated their 
recommendations for putting green construction and suggested using gravel with neutral 
pH to avoid a pH-induced precipitation of iron between the sand and gravel, based on the 
findings of Obear et al. (2014). However, the effect of sand and gravel pH on iron 
mobility has not been carefully studied in putting greens constructed to USGA 
recommendations.  
This study investigates how iron movement is affected by sand and gravel pH in 
soils constructed to USGA specifications (2018). Specifically, this study tests the 
following hypotheses: 
1. Iron mobility is increased in low pH sand and moves to lower depths in 
columns, and iron mobility is reduced in high pH sand and accumulates near 
the surface  
2. High pH gravel will result in accumulation of iron in the sand above the 
gravel 
3. Accumulation of iron in columns will lead to a decrease in permeability of the 
soils 
Materials and Methods 
Golf putting green soils were constructed in lysimeter columns according to the 
particle size recommendations of the USGA. The study was a 2x2x2 factorial design with 
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four replications. The study investigated two sand sources (acidic or basic pH), two 
gravel sources (acidic or basic pH), and the presence or absence of Fe treatment as 
ferrous sulfate heptahydrate, a commonly applied fertilizer in the turfgrass industry. The 
columns contained either a pH 4.5 silica sand (Golf Agronomics, FL) or a pH 8.3 sand 
with mixed mineralogy including calcium carbonate (Waupaca Sand and Gravel, 
Waupaca, WI). The gravel beneath the sand was either an acid-washed pH 6.3 granite 
(Pleistad’s Sand and Gravel, MN) or a pH 8.4 chipped limestone (The Kraemer 
Company, Plain, WI). The constructed soils met the particle size recommendations of the 
USGA (2018) and are representative of materials that would be used for in situ putting 
green construction projects. The columns did not include grass at the surface. 
The lysimeter columns were constructed in 10 cm diameter, 46 cm long PVC 
pipes. Gravel was poured directly into the columns to a depth of 10 cm. Sand was added 
to columns in approximately 2 cm increments and packed with a capped PVC pipe after 
each addition to achieve a bulk density of 1.8 g cm-3. The final soil depth was 30 cm, and 
the soil surface was approximately 5 cm from the top of the tube to allow for addition of 
water and Fe to the columns. The dry weights of the gravel and sand were recorded to 
allow for calculation of gravimetric water content by subtracting the weight of the 
lysimeter materials from the total weight of the column at each measurement date. 
Columns were then flushed with three pore volumes of deionized water prior to initiation 
of the experiment. Columns were weighed 24 h after initial flush to determine the pot 
capacity.  
  After the columns were at their pot capacity, they were weighed three times 
weekly to determine gravimetric water content. The weights of columns not treated with 
73 
 
iron were used to calculate evaporation, and all columns received deionized water to 
replace 110% of the volume lost by evaporation. Immediately after each leaching event, 
iron was added to columns as ferrous sulfate heptahydrate at a rate of 61.7 kg 
FeSO4•7H2O ha-1 in 3.3 mLs of DI water, or 4,070 L ha-1 of carrier water volume. This Fe 
rate was chosen to represent a high but typical rate used by golf course superintendents to 
improve turf green color. The Fe applications were made after leaching events to simulate 
real-world conditions; iron applied before leaching events could have been leached at an 
excessively high rate that would not be representative of field conditions. The experiment 
was conducted for a total of 19 weeks, and Fe treatments were applied 56 times for a total 
of 694 kg Fe ha-1. This simulates approximately 3.5 years of aggressive Fe applications of 
12.4 kg Fe ha-1 applied every 2 weeks for an 8-month growing season, or 14 years of 
applications at a lighter rate of 3.1 kg Fe ha-1 applied on the same time interval. 
The air permeability of columns was measured at the beginning of the study and 
approximately weekly thereafter using an air permeameter described by Tanner and 
Wengel (1957). Leachate was collected 1 hr after every leaching event, and leachate pH 
was measured at the time of collection. A subsample of leachate water was added to vials 
containing 1 mL nitric acid, and leachate samples were pooled weekly (2 to 3 samples per 
week). Total Fe was measured in leachate samples using ICP-OES.  
 At the conclusion of the study, columns were dissected and sampled in 2.5 cm 
increments. In columns receiving Fe, subsamples were collected from 0-2.5 cm, 2.5-7.6 
cm, 12.7-17.8 cm, and 27.9-30.5 cm depths for selective Fe extractions. In columns not 
receiving Fe, subsamples were collected from 0-2.5 cm, 12.7-17.8 cm, and 27.9-30.5 
depths. These subsamples were placed directly into pre-weighed vials containing 
74 
 
Ferrozine and 0.5 M HCl and Fe(II)HCl and Fe(III)HCl were measured using the Ferrozine 
method (Stookey, 1970). FeTHCl total was calculated as Fe(II)HCl + Fe(III)HCl. 
Immediately after columns were dissected, the wet weight was measured in each depth 
increment to calculate gravimetric water content. Soil pH in water was measured using a 
3:1 ratio of deionized water to soil. Soil samples were air-dried for 14 days, and total soil 
elemental concentrations (including total FeXRF) were measured with an Olympus 
DELTA Professional handheld x-ray fluorescence analyzer (Olympus Corporation, 
Tokyo, Japan) on all 2.5 cm depth increments.  
Measurements collected at the end of the study - total FeXRF, HCL-extracted Fe 
(FeHCL) values and ratios, soil pH, and soil gravimetric water content – were subjected to 
ANOVA to determine whether there were differences among soil depths, sand source, 
gravel source, Fe treatment, and all interactions among those factors. Leachate pH from 
each measurement (56 total) were subjected to ANOVA to determine whether there were 
differences among leaching events, sand pH, gravel pH, Fe treatment, and all interactions 
among those factors. Leachate Fe (19 measurements, each pooled from multiple leaching 
events) results were subjected to a cube root transformation to address non-normality, 
and then subjected to ANOVA to determine whether there were differences among 
leaching events, sand source, gravel source, Fe treatment, and all interactions among 
those factors. Air permeability (13 total measurements) results were subjected to 
ANOVA to determine whether there were differences among measurement date, sand 
source, gravel source, Fe treatment, and all interactions among those factors. For 




The Fe treatment led to an accumulation of Fe in columns, and there was an effect 
of column depth x iron x sand (P=0.0191) on total FeXRF (Table 9). Fe treatment resulted 
in increased soil FeXRF in the top 2.5 cm of columns with acidic sand (Figure 9). For 
columns with basic sand, treatment of Fe resulted in greater soil FeXRF from 0-7.6 cm. 
The columns with basic sand contained more total FeXRF in the parent material. 
Application of Fe resulted in significant differences in Fe(II)HCl, Fe(III)HCl, 
FeTHCl, and the ratio of Fe(II)HCl /FeTHCl (Table 10). Fe(II)HCl was significantly affected 
by the interaction of iron x gravel x sand (P=0.040). Fe treatment had no effect on 
Fe(II)HCl for all columns with acidic sand, regardless of gravel source (Table 11). For 
columns with basic sand, the addition of Fe increased Fe(II)HCl for columns with basic 
gravel, but decreased Fe(II)HCl for the columns with acidic gravel. Fe(III)HCl was 
significantly affected by depth, Fe treatment, and sand source (P=0.027). The greatest 
differences were observed at the surface, where application of Fe significantly increased 
Fe(III)HCl for both sand sources (Table 12). There were no statistical differences in 
Fe(III)HCl among iron treatments at lower depths. FeTHCl was affected by Fe treatment, 
gravel source, and sand source (P=0.102). The basic sand had more FeTHCl than the 
acidic sand (Table 13). The addition of Fe significantly increased FeTHCl in the acidic 
sand, regardless of gravel source. In the basic sand, the addition of Fe only increased 
FeTHCl for the columns with basic gravel and not for columns with acidic gravel. Fe 
treatment increased FeTHCl from 1.33 to 5.23 mg L-1 for acidic sand but had no effect in 
the basic sand. 
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Fe(II)HCl/FeTHCl was affected by depth, Fe treatment and sand source (P=0.163) 
(Table 10). At the surface, the addition of Fe decreased the Fe(II HCl /FeTHCl ratio, 
suggesting that more of the Fe recovered was Fe(III) in Fe-treated columns (Table 14). 
The same trend was present from 12.7-17.8 cm in the acidic sand, but not in the basic 
sand. At the lowest depth, there was no effect of Fe treatment on the Fe(II)HCl /FeTHCl 
ratio. Fe(II)HCl/FeTHCl was affected by Fe treatment and sand source (P=0.028). In the 
acidic sand, Fe treatment decreased the Fe(II)HCl/FeTHCl ratio from 0.326 to 0.212, but 
there was no effect in the basic sand. Fe(II)HCl/FeTHCl was also affected by Fe treatment 
and gravel source (P=0.090). Fe treatment decreased the Fe(II)HCl/FeTHCl ratio for 
columns with acidic gravel from 0.552 to 0.453, but had no effect in columns with basic 
gravel. Finally, Fe(II)HCl/FeTHCl was affected by depth and Fe treatment (P=<0.001). 
Application of Fe decreased the Fe(II)HCl/FeTHCl ratio at the surface, but had no effect at 
lower depths (Table 15). Comparing across depths, the Fe(II)HCl/FeTHCl ratio increased 
with depth for Fe-treated columns but did not change by depth for non-treated columns. 
This is likely due to the increased Fe(III) from 0-2.5 cm resulting from Fe application, 
which decreased the amount of Fe(II) relative to total Fe.   
 Application of Fe resulted in changes in sand pH in columns measured at the end 
of the study. Sand pH was affected by the interaction of sand source x Fe (P<0.001) 
(Table 16). Fe treatment had no effect on sand pH for columns with basic sand, 
suggesting that the sand buffered pH changes. Fe treatment reduced pH of the acidic sand 
from 5.6 to 4.8, suggesting that the applied Fe resulted in acidification that was not 
buffered by the sand. Sand pH was also affected by Fe treatment and column depth 
(P<0.001). Fe treatment resulted in the greatest decrease in pH at the surface and sand pH 
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differences were less pronounced at lower depths (Figure 10). Sand pH was significantly 
lower for treated columns from 0-12.7 cm depth.  
Leachate pH was affected by the interaction of sand x Fe x Leaching event 
(P<0.001; Table 17). In the acidic sand treated with iron, the leachate pH decreased from 
6.8 to 6.2 (Figure 11) throughout the course of the study. Leachate pH did not decline in 
the other treatments. Leachate pH was also affected by an interaction of sand x gravel x 
Fe treatment (P=0.025). The addition of Fe decreased leachate pH from 7.1 to 6.0 in the 
acidic sand/acidic gravel and from 8.3 to 7.5 in the acidic sand/basic gravel treatments 
(Table 18). In the acidic gravel, basic sand increased leachate pH both with and without 
the addition of Fe. The addition of Fe had no effect on leachate pH for the basic sand, 
suggesting that the sand buffered these pH changes regardless of gravel source.  
 Leachate Fe was affected by sand x Fe (P<0.001; Table 19). The basic sand with 
no Fe treatment had the most Fe in the leachate, suggesting that lithogenic Fe was being 
solubilized and leached (Table 20). Unexpectedly, the basic sand receiving Fe treatment 
had less Fe in the leachate than columns receiving Fe treatment. This suggests that the 
applied Fe was complexed in the basic sand, not only reducing the amount of Fe that 
leached, but also reducing the amount of lithogenic Fe that was solubilized throughout 
the course of the study. In the acidic sand, Fe treatment resulted in more Fe in the 
leachate. Leachate Fe was also significantly affected by gravel x Fe (P<0.001). Fe 
treatment increased leachate Fe from 0.296 to 0.190 mg L-1 with acidic gravel, but had no 
effect with basic gravel. However, basic gravel with no Fe treatment produced the 
greatest leachate Fe, suggesting that lithogenic Fe was released and contributed to 
leachate Fe.  
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 The vast majority of applied Fe was retained in the soil for all treatments. Fe 
retention was lowest in the acidic sand and acidic gravel treatments, where 99.1% of 
applied Fe was retained in columns. In acidic sand with basic gravel, 99.6% of applied 
iron was retained. In columns with basic sand, the percentage of applied Fe retained was 
greater than 100% because leachate Fe was greater in non Fe-treated columns than in Fe-
treated columns.   
The application of Fe did not result in the formation of cemented layers, although 
the accumulation of Fe was visible in the surface depths of columns, which correlated 
with FeT x depth XRF measurements. Fe treatment did not affect the soil gravimetric 
water content of the sand measured at the conclusion of the study. Fe treatment did have 
a slightly negative effect on the air permeability of columns (P=0.015; Table 21), with 
treated columns having an air permeability of 0.446 micrometers and non-treated 
columns having an air permeability of 0.457 micrometers. While statistically different, 
this did not result in noticeable differences in water infiltration during leaching events.  
Discussion 
Iron mobility was significantly affected by sand source and to a lesser extent by 
gravel source. In columns with acidic sand, application of Fe resulted in increased FeXRF 
in sand from 0 to 17.8 cm depth, whereas columns with basic sand only had increased 
FeXRF from 0-7.6 cm depth. The basic sand was more highly buffered than the acidic 
sand, supported by the observation that iron treatments reduced the sand pH and leachate 
pH in columns with acidic sand but had no effect in columns with basic sand. Overall, the 
results of this study support the hypothesis that iron mobility is increased in acidic sand 
and decreased in basic sand. However, the practical implications of this are still unclear. 
79 
 
Greater mobility of Fe would suggest that the applied Fe will not be retained and may be 
more likely to leach out of the soil. However, >99% of the applied iron in this study was 
retained regardless of sand or gravel pH, and despite columns receiving a leaching 
volume of 110% of measured evaporation three times per week. Furthermore, the finding 
that leachate Fe in basic sand was greater for non-Fe-treated columns than for Fe-treated 
columns shows that lithogenic Fe contributed to leachate Fe and must be accounted for in 
future models describing cemented layer formation. This finding suggests that Fe-
cemented layers could form in soils that are not treated with iron, if lithogenic Fe 
provides sufficient Fe to form the layers.   
Iron mobility and speciation is affected by soil pH and soil redox potential. Iron-
cemented layers form where redox potential is low in soil layers where water is retained 
for prolonged periods, and the redox potential is high in the drier layers below, resulting 
in the oxidation of Fe at the interface (Breuning-Madsen et al., 2000; Jien et al., 2013; 
Lapen and Wang, 1999; Pinheiro et al., 2004; Weindorf et al., 2010; Wu and Chen, 
2005). This study focused entirely on sand and gravel pH and did not study redox 
potential of the soils. Although not measured, the redox potential of these columns was 
likely high at all depths, leading to potentially rapid oxidation of the applied Fe(II) to 
Fe(III) at the surface, which is supported by Table 12. Future studies should elucidate the 
effect of redox potential and substrate pH on iron mobility, as both factors are likely 
important to explain the formation of Fe-cemented layers. Redox potential has never been 
reported in the literature for field putting green soils, and these boundary conditions must 
be understood to inform future column studies. It is also important to characterize the soil 
gas composition both in the sand and gravel. In this study, the gravel layer was open to 
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the atmosphere at the bottom of columns, but it isn’t clear whether oxygen is present at 
atmospheric concentrations in the gravel layers of field putting green soils. If oxygen was 
not present at atmospheric concentrations, it could indicate that other electron acceptors 
such as nitrate are driving the oxidation of Fe(II) to Fe(III).  
Although this study focused entirely on abiotic factors, microbes play a very 
important role in cycling of Fe. Microorganisms can accelerate rates of iron oxidation in 
low pH environments by five orders of magnitude (Singer and Stumm, 1970). Biological 
Fe(II) oxidation can occur in aerobic environments under low pH conditions (Blake et al., 
1992), in low O2 (but not anaerobic) environments near neutral pH (Sobolev and Roden, 
2002), or in anoxic conditions at circumneutral pH via nitrate as the primary electron 
acceptor (Weber et al., 2006). Future studies should characterize how microbes contribute 
to Fe cycling in engineered turfgrass soils, and whether they contribute to the formation 
of Fe-cemented layers.   
The columns in this study were not amended with organic materials, and with no 
grass growing, organic matter didn’t accumulate throughout the course of the study. 
Organic carbon has the potential to chelate and interact with iron, forming soluble 
complexes that are translocated to textural boundaries before precipitating and forming 
cemented layers (Lapen and Wang, 1999). Obear et al. reported (2014) that layers 
cemented by iron also contained an increase in soil organic carbon in six of the ten soil 
profiles characterized. Future studies should characterize how organic matter contributes 




Despite a simulated 3.5 to 14 years of Fe application, the application of Fe did not 
form cemented layers in columns, and iron did not accumulate at the interface between 
sand and gravel under the conditions of this study. Iron accumulation occurred primarily 
at the surface of columns, and >99% of all applied Fe was retained in columns. Iron 
mobility was greater in acidic sand, and basic sand was more buffered against pH 
changes resulting from Fe treatment. Lithogenic contributions to leachate Fe were 
significant and must be considered in future models describing cemented layers.  
While Fe treatment did not result in the formation of cemented layers, it is still 
unclear how addition of ferrous sulfate affects formation of layers in the field. Fe 
treatment did significantly increase soil Fe content, and under conditions where iron 
mobility is greater, this applied Fe could still leach and precipitate above the gravel layer. 
Since the amount of Fe reaching the gravel layer was so low in this study, it was difficult 
to elucidate the effect of gravel pH on layer formation. Under conditions where Fe is 
more mobile, a high pH gravel layer could still result in the formation of a cemented 
layer.  
 While cemented layers did not form under the conditions of this study, the results 
provide important findings for future research. While most of the iron was retained at the 
surface of columns in this study, mobility was greater in acidic sand. In future studies, 
this finding could be combined with investigation of soil redox potential and microbial 
contribution to iron cycling. Ultimately, the combination of these factors must be 
characterized to provide better construction recommendations for engineered soils of 
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Table 9. Analysis of variance for total soil FeXRF as affected by a full factorial of sand 
depth, Fe treatment, gravel source, and sand source.  
Source DF Sum of Squares F Ratio Prob > F 
Depth 6 9624948 3.361 0.004 
Iron 1 7315348 15.326 0.001 
Depth*Iron 6 18379607 6.418 <0.001 
Gravel 1 343539 0.720 0.398 
Depth*Gravel 6 3060234 1.069 0.384 
Iron*Gravel 1 1351360 2.831 0.094 
Depth*Iron*Gravel 6 2546501 0.889 0.504 
Sand 1 4.68E+08 981.509 <0.001 
Depth*Sand 6 1437708 0.502 0.806 
Iron*Sand 1 1095459 2.295 0.132 
Depth*Iron*Sand 6 7482112 2.613 0.019 
Gravel*Sand 1 55110 0.116 0.734 
Depth*Gravel*Sand 6 4158447 1.452 0.198 
Iron*Gravel*Sand 1 741045 1.553 0.214 




Table 10. Analysis of variance for Fe(II)HCl, Fe(III)HCl, FeTHCl, and Fe(II)HCl/FeTHCl as 
affected by a full factorial of column depth, Fe treatment, sand source, and gravel source.  
Source -------------------------------- Prob > F -------------------------------- 
 Fe(II)HCl Fe(III)HCl FeTHCl Fe(II)HCl/FeTHCl 
Depth 0.037 <0.001 <0.001 <0.001 
Iron 0.650 <0.001 <0.001 0.144 
Depth*Iron 0.017 <0.001 <0.001 <0.001 
Gravel 0.068 0.360 0.049 0.722 
Depth*Gravel 0.637 0.617 0.591 0.127 
Iron*Gravel 0.030 0.615 0.302 0.090 
Depth*Iron*Gravel 0.476 0.644 0.294 0.284 
Sand <0.001 0.098 <0.001 <0.001 
Depth*Sand 0.107 0.019 0.465 0.880 
Iron*Sand 0.619 <0.001 <0.001 0.028 
Depth*Iron*Sand 0.089 0.027 0.378 0.163 
Gravel*Sand 0.088 0.297 0.045 0.528 
Depth*Gravel*Sand 0.403 0.779 0.572 0.260 
Iron*Gravel*Sand 0.040 0.747 0.102 0.495 




Table 11. Fe(II)HCl as affected by Fe treatment, gravel source, and sand source.  
Iron Gravel Sand Fe(II)HCl 
No Acidic Acidic 0.424 d 
Yes Acidic Acidic 0.638 d 
No Basic Acidic 0.421 d 
Yes Basic Acidic 0.704 d 
No Acidic Basic 3.892 ab 
Yes Acidic Basic 2.760 c 
No Basic Basic 3.703 bc 




Table 12. Fe(III)HCl as affected by depth, Fe treatment, and sand source.  
Depth 
(cm) Iron Sand 
Fe(III)HCl 
(mg/L) 
0-2.5 No Acidic 0.878 de 
0-2.5 Yes Acidic 10.141 a 
0-2.5 No Basic 1.791 cde 
0-2.5 Yes Basic 5.402 b 
12.7-17.8 No Acidic 0.971 cde 
12.7-17.8 Yes Acidic 2.475 cd 
12.7-17.8 No Basic 2.568 c 
12.7-17.8 Yes Basic 1.212 cde 
27.9-30.5 No Acidic 0.886 de 
27.9-30.5 Yes Acidic 1.064 cde 
27.9-30.5 No Basic 1.557 cde  




Table 13. FeTHCl as affected by Fe treatment, gravel source, and sand source.  
Iron Gravel Sand FeTHCl (mg/L) 
No Acidic Acidic 1.220 c 
Yes Acidic Acidic 5.358 b 
No Basic Acidic 1.449 c 
Yes Basic Acidic 5.104 b 
No Acidic Basic 5.505 b 
Yes Acidic Basic 4.843 b 
No Basic Basic 6.034 ab 




Table 14. Fe(II)HCl/FeTHCl as affected by depth, Fe treatment and sand source.  
Depth (cm) Iron Sand Fe(II)HCl/FeTHCl 
0-2.5 No Acidic 0.323 e 
0-2.5 Yes Acidic 0.081 f 
0-2.5 No Basic 0.746 ab 
0-2.5 Yes Basic 0.527 cd 
12.7-17.8 No Acidic 0.321 e 
12.7-17.8 Yes Acidic 0.168 f 
12.7-17.8 No Basic 0.641 bc 
12.7-17.8 Yes Basic 0.791 ab 
27.9-30.5 No Acidic 0.336 e 
27.9-30.5 Yes Acidic 0.386 de 
27.9-30.5 No Basic 0.751 ab 





Table 15. Fe(II)HCl/FeTHCl as affected by depth and Fe treatment.  
Depth Iron Fe(II)HCl/FeTHCl 
0-2.5 No 0.535 ab 
0-2.5 Yes 0.304 c 
12.7-17.8 No 0.481 b 
12.7-17.8 Yes 0.480 b 
27.9-30.5 No 0.543 ab 




Table 16. Analysis of variance for sand pH (measured at end of study) as affected by a 
full factorial of column depth, sand source, gravel source, and Fe treatment. 
Source DF Sum of Squares F Ratio Prob > F 
Depth 6 34.361 26.224 <0.001 
Sand 1 399.940 1831.379 <0.001 
Depth*Sand 6 18.925 14.444 <0.001 
Gravel 1 0.197 0.904 0.343 
Depth*Gravel 6 0.453 0.345 0.912 
Sand*Gravel 1 0.011 0.048 0.827 
Depth*Sand*Gravel 6 0.092 0.070 0.999 
Fe 1 11.534 52.817 <0.001 
Depth*Fe 6 6.543 4.993 <0.001 
Sand*Fe 1 6.850 31.365 <0.001 
Depth*Sand*Fe 6 0.903 0.689 0.659 
Gravel*Fe 1 0.753 3.450 0.065 
Depth*Gravel*Fe 6 0.238 0.181 0.982 
Sand*Gravel*Fe 1 0.140 0.639 0.425 





Table 17. Analysis of variance for leachate pH as affected by sand source, gravel source, 





Ratio Prob > F 
Sand 1 1.345 21.853 <.0001 
Gravel 1 2.453 39.863 <0.001 
Sand*Gravel 1 0.128 2.072 0.150 
Fe 1 0.423 6.877 0.009 
Sand*Fe 1 1.602 26.033 <0.001 
Gravel*Fe 1 0.738 11.994 <0.001 
Sand*Gravel*Fe 1 0.308 5.007 0.025 
Leaching Event 55 107.407 31.734 <0.001 
Sand*Leaching Event 55 11.292 3.336 <0.001 
Gravel*Leaching Event 55 5.916 1.748 <0.001 
Sand*Gravel*Leaching Event 55 6.212 1.835 <0.001 
Fe*Leaching Event 55 26.448 7.814 <0.001 
Sand*Fe*Leaching Event 55 18.010 5.321 <0.001 
Gravel*Fe*Leaching Event 55 3.843 1.136 0.234 
Sand*Gravel*Fe*Leaching 




Table 18. Leachate pH across all leaching event as affected by sand x gravel x Fe 
treatment.  
Sand Gravel Fe Leachate pH 
Acidic Acidic No 7.1 f 
Acidic Acidic Yes 6.0 g 
Acidic Basic No 8.3 d 
Acidic Basic Yes 7.5 e 
Basic Acidic No 8.4 c 
Basic Acidic Yes 8.4 bc 
Basic Basic No 8.6 a 




Table 19. Analysis of variance for Total Fe in leachate as affected by sand source, gravel 
source, Fe treatment, and leaching event. Data violated the normality assumption of 
ANOVA and were transformed by a cube root function for ANOVA.  
Source DF Sum of Squares F Ratio Prob > F 
Leaching Event 18 42.241 76.436 <0.001 
Gravel 1 1.392 45.353 <0.001 
Leaching Event*Gravel 18 3.458 6.257 <0.001 
Sand 1 1.944 63.323 <0.001 
Leaching event*Sand 18 2.167 3.921 <0.001 
Gravel*Sand 1 0.389 12.665 <0.001 
Leaching Event*Gravel*Sand 18 0.158 0.285 0.999 
Fe 1 0.056 1.828 0.177 
Leaching Event*Fe 18 0.627 1.135 0.315 
Gravel*Fe 1 0.296 9.646 0.002 
Leaching Event*Gravel*Fe 18 0.203 0.367 0.993 
Sand*Fe 1 1.223 39.829 <0.001 
Leaching Event*Sand*Fe 18 0.561 1.016 0.440 
Gravel*Sand*Fe 1 0.018 0.579 0.447 
Leaching 




Table 20. Total Fe in leachate as affected by sand x Fe treatment.  
Sand Fe Total Fe in Leachate (mg/L) 
Basic No 0.441 a 
Acidic Yes 0.343 b 
Basic Yes 0.296 b 




Table 21. Analysis of variance for air permeability (k) of sand at the conclusion of the 
study, as affected by sand source, gravel source, Fe treatment, and measurement date.  
Source DF 
Sum of 
Squares F Ratio 
Prob > 
F 
Sand 1 0.000275 1.5635 0.212 
Gravel 1 1.09E-05 0.0619 0.804 
Sand*Gravel 1 4.87E-05 0.2771 0.599 
Fe 1 0.001051 5.9851 0.015 
Sand*Fe 1 0.000462 2.6327 0.106 
Gravel*Fe 1 0.00045 2.564 0.110 
Sand*Gravel*Fe 1 0.000452 2.5721 0.110 
Date 12 0.015212 7.2201 <0.001 
Sand*Date 12 0.001909 0.906 0.541 
Gravel*Date 12 0.001903 0.9034 0.544 
Sand*Gravel*Date 12 0.000676 0.3211 0.985 
Fe*Date 12 0.002675 1.2697 0.235 
Sand*Fe*Date 12 0.001654 0.7849 0.666 
Gravel*Fe*Date 12 0.001963 0.9315 0.516 
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Figure 10. Sand pH as affected by Fe treatment and column depth. LSD=0.23. Fe 
treatment decreased pH from 0-12.7 cm depth, and from 17.8-22.9 cm depth. Sand pH 






















Figure 11. Leachate pH as affected by sand source, Fe treatment, and number of leaching 
events.  
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CHAPTER 4: A SOIL TESTING FRAMEWORK FOR DIAGNOSING SOIL 
LAYERING PROBLEMS 
 Soil testing is a common practice used to study soil physical and chemical 
properties. The offerings from commercial testing laboratories are primarily focused on 
plant nutrient availability and performance of construction materials. Cemented layers 
can form at depth in engineered turfgrass soils, and they may decrease drainage and turf 
performance at the surface. Without established testing protocols in commercial 
laboratories, superintendents are left with limited options for diagnosing and studying 
layering issues that occur below the surface of the putting greens they manage. This 
testing and analysis overview is directed towards commercial laboratories, agronomists, 
and superintendents who work with layering issues in engineered turfgrass soils.   
Soil Testing 
Soil testing is an objective practice. You take a soil sample, subject that sample to 
various processes (e.g., addition of heat, addition of water, extraction with a salt or an 
acid), and then use an analytical device with a detector (a scale, a spectrophotometer, 
your eyes) to measure the analyte of interest. The methods behind individual soil analyses 
are generally repeatable, established, and accepted in the turfgrass industry. 
Soil test interpretation is one of the most contentious and debated issues in the 
turfgrass industry. Soil test interpretation is difficult because although a given soil test 
result is useful, it has little value without a definite correlation with field experience. A 
soil test value is just a value, and it doesn’t mean anything without context. To provide 
context, we assign ranges like “low, medium, and high” to the soil test values, with the 
idea that these ranges are tied to a documented response to a known agronomic problem. 
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The challenge with layering issues is that we do not have clear links between a measured 
analytical test value and a quantitative physical impact. 
In the turfgrass industry, it is common to sample putting greens from 0 to 10 cm 
to measure a range of chemical properties (pH, organic matter, plant-available nutrients). 
Taking these samples in composite can provide information about conditions that are 
representative over a large area, but do not provide information about soil properties at 
depth. Physical analysis is not as common. Particle size distribution and physical 
properties like porosity and hydraulic conductivity are often measured for the 
construction materials before greens are built. In-situ full profile soil sampling in PVC 
pipes can continue to evaluate these parameters at select depths over time. These samples 
provide useful information about the full depth of the profile but may not be 
representative of a large area since they aren’t sampled in composite. For the purposes of 
diagnosing soil layering issues, in-situ samples should be collected from multiple 
locations on one green to evaluate differences attributed to drainage or topography.  
 In-situ soil samples of the full profile provide an excellent opportunity to study 
soil chemical properties at depth, but laboratories that conduct physical analysis are 
typically not equipped to conduct chemical analyses. The labs that specialize in chemical 
analysis are usually not equipped to process in-situ full-profile samples, and often only 
offer analyses that are relevant to plant growth. The extractions that are used to measure 
plant-available nutrients are not appropriate for characterizing layering issues. Physical 
and chemical analyses can be destructive, and often can’t be completed on the same set of 
samples. The result of these issues is that superintendents do not have readily-available 
options for chemically-analyzing layering issues. There is also a lack of correlation 
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between chemical analysis and impact on important physical properties like hydraulic 
conductivity, bulk density, and porosity.  
Sampling and Analysis 
In this guide for agronomists and soil testing laboratories, I propose an approach 
to soil testing that uses in-situ samples and combines physical and chemical analyses that 
are appropriate for studying layering issues (Table 22). On a given putting green, samples 
should be taken from a high well-drained area, a low area where water would drain, and a 
mid-slope area between the high and low area. Separate samples should be collected for 
physical and chemical analysis within 0.5 m in each area. The samples should be 
collected in 50 cm long, 5 cm diameter PVC pipes. A hole should be drilled in the top of 
each pipe to allow for insertion of a handle to pull pipes out of the ground. The samples 
must include the sand, gravel layer, and several cm of the underlying subgrade below the 
gravel. All air space above and below the sample should be packed tightly with 
newspaper, and pipes should be sealed with tape. 
Ideally, samples could be collected at the time of construction (time zero of soil 
profile development). If possible, samples should be taken before turfgrass establishment 
to get baseline properties of the construction materials, and one year after turf 
establishment to get a baseline for the soil properties with an established stand of 
turfgrass. If the greens are already constructed, it is still possible to track changes over 
time if sampling and analysis are consistent. Sampling should be repeated on the same 




The chemical methods (Table 23) are established and already adaptable to the 
samples described here. Lab processing starts with opening the “chemical analysis” 
samples vertically to show the full soil profile. The presence, depth, and color of soil 
horizons should be noted and documented with pictures. The opened soil columns could 
be sampled based on visual determination of soil horizons, although this would be 
difficult when very few horizons are present. It would be more feasible to section the 
samples into fixed depth increments (e.g., 2.5 cm). Soil pH in water should be measured 
immediately after opening the tubes to avoid pH changes that can occur as samples dry. 
The remaining chemical measurements should be taken on air-dried samples. The 
measurement of clay is very important to differentiate between clay lamellae and iron-
cemented layers, which both look similar when iron is present in the clay. The organic 
matter measurement indicates whether organic matter is moving and accumulating at 
depth, which can occur when iron-cemented layers form.  
The physical analyses described in Table 23 are more difficult to capture, and 
more research is needed to address issues with sampling and accurate measurement. 
Physical measurements could be conducted on the soil in-situ, inside the PVC pipes. 
Physical testing laboratories currently use methods that section these pipes into thirds 
(roughly 10 cm increments). This method provides reliable information for A horizons 
which are stable and could occupy a majority of the top 10 cm. However, B horizons 
between sand and gravel are usually only 1-2 cm thick and could be fractured during 
sampling and transport. When pipes are cut into thirds, this increases the likelihood that 
these thin, cemented layers are disturbed. As an alternative to sectioning the pipes, 
saturated hydraulic conductivity could be measured on the entire soil profile inside the 
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tube, provided that the sample integrity was not compromised. If feasible, a field 
measurement of hydraulic conductivity could be the most reliable. Lewis et al. (2014) 
used an in-situ single ring infiltrometer as described by Bouwer (1986) and effectively 
documented decreases in water infiltration with increasing putting green age and organic 
matter content. A measurement at the surface would be affected by all the soil horizons in 
the profile, but to narrow down the impact of cemented layers above the gravel, upper 
layers of the soil could be removed and the infiltrometer measurements could be repeated 
across a range of depths to elucidate the effects of features lower in the soil profile.  
Soil Test Interpretation, Future Research 
Regardless of the specific methods used, physical and chemical analyses must be 
analyzed together to quantify the nature and impact of layering issues. While this 
information is lacking today, over time enough data could be generated across multiple 
sites to begin to inform interpretation of the results. Today we can not say whether a 
measured iron content is “low,” “medium,” or “high” regarding potential layering 
problems. If we correlate the chemical measurement with its temporal impact on physical 
properties, we can begin to improve that understanding and provide better interpretations. 
Without a clear link to physical impact, visual observations and chemical analysis could 
be misleading and result in unnecessary practices or inputs to address something that is 
not actually causing a problem. 
Changes in measurements over time are useful, even without an existing 
interpretation framework. If we see that iron oxide is increasing over time at the interface 
of sand and gravel, we can conclude that iron is accumulating at this depth. If that result 
was accompanied by a decline in hydraulic conductivity over time, it would indicate that 
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a potential agronomic problem was developing. Soil test results without context have 
limited usefulness. Context can be generated by taking consistent samples over time and 
connecting chemical and physical results. 
The most important outcome of an effective soil testing program would be 
actionable information that results in a change in management practices to either avoid or 
fix a problem. There is a large body of research focused on management to minimize 
organic matter accumulation (A horizons) in turfgrass systems, but there is very little 
research on the formation of cemented layer (B horizons). It is essential to understand 
how these layers form to generate testable hypotheses about how to prevent or remediate 
them. Future research must evaluate these systems in terms of all the inputs, outputs, 
transformations, and translocations that are possible and contribute to formation of layers. 
Important inputs include irrigation water, fertilizer, and topdressing sand, and outputs 
include clipping removal, core aerification, and leaching of solutes. Redox 
transformations can result in solubilization or precipitation of minerals, and irrigation and 
rainfall can result in translocation and redistribution of fine particles and solutes. 
Research that defines how each of these factors contributes to the formation of layers will 
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Table 22. Sampling description to study layering issues in one putting green.  
Sample # 
Green Location 
(relative position) Analysis Type 
1 High  Physical Analysis 
2 High Chemical Analysis 
3 Mid-slope Physical Analysis 
4 Mid-slope Chemical Analysis 
5 Low Physical Analysis 






















Picture of soil profile with 







Soil A and B horizon formation  
is visible and can be tracked over 
time with consistent, timely 
sampling 








Soil pH is reflective of the 
influence of parent materials on 
potential layering issues. Changes 
in soil pH over time can be 
indicative of other chemical 
transformations in the soil 
% SOM (loss on ignition) or 
SOC 
(Nelson and Sommers, 1996) 
Chemical labs 
only 
0-30 cm in 2.5 
cm increments 
In full profile samples, organic 
matter concentration by depth can 
show whether organic matter is 
illuviating and accumulating at 
depth in the soil 
Particle size analysis via 
pipette method (Gee and Or, 
2002) or Micropipette method 
(Miller and Miller, 1987) 
All labsa 0-30 cm in 2.5 
cm increments, 
composite 
sample of gravel 
layer 
Particle size analysis can reveal 
whether clay is present at specific 
depths. Changes in clay content 
over time can indicate illuviation 
which could lead to formation of 
lamellae 
Total Elemental Analysis by 
XRF (e.g., Yang et al., 2020) 
Chemical labs 
only 
0-30 cm in 2.5 
cm increments, 
composite 
sample of gravel 
layer 
Total elemental concentrations 
and ratios are indicative of parent 
material mineralogy. Changes in 
elemental concentrations signal 
chemical transformations and/or 
translocation in the soil. 
Iron oxides by ammonium 
oxalate (AO) or citrate 
dithionite (CD) extraction 
(Loeppert and Inskeep, 1996) 
Rare 0-30 cm in 2.5 
cm increments, 
composite 
sample of gravel 
layer 
Iron-oxide extraction 
differentiates lithogenic Fe from 
recently formed iron deposits, and 
ratios between HCl and CD Fe 
can indicate the degree of Fe 











Conductivity (Klute and 
Dirksen, 1986) 
Physical labs 
only, but none 
address layering 
issues at depth 
Entire column, 
or A horizon, C 
horizon, B 
horizonb 
Decreased saturated hydraulic 
conductivity is one of the primary 
agronomic problems caused by 
soil layering issues, yet few 
measurements exist and sample 
integrity is a challenge 
Water holding capacity by 
pressure plate method (Klute, 
1986) 
Physical labs 
only, but none 
address layering 
issues at depth 
A horizon, C 
horizon, B 
horizonb 
An increase in water holding 
capacity over time could be an 
indicator of layering problems  
Bulk Density and Porosity 
(Blake and Hartage, 1986) 
Physical labs 
only, but none 
address layering 
issues at depth 
A horizon, C 
horizon, B 
horizonb 
An increase in bulk density and/or 
a decrease in porosity could 
indicate an accumulation of fine 
particles or oxides 
a. Most labs offer hydrometer method, fewer offer pipette or micropipette methods 
b. If present 
